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Δs Displacement along the curve’s arc length 
ρ Mean curvature 
V Volume 
R Radius of the curvature  
Ω Geometrical coefficient 
G Gibbs free energy 
U Internal energy 
P Pressure 
T Temperature 
S Entropy 
H Enthalpy 
mTi
T  Ti melting temperature 
Index of, s and  Solid and liquid phase 
  Differentiated free energy of area 
?̇?𝑠 Number of atoms moved to, or from, one phase (solid/liquid) 
Teq Equilibrium temperature 
Ġ Gibbs free energy rate versus time 
ΔSf Molar entropy of fusion 
R1 , R2 Inner and outer radius 
σth Thermal stress 
E Elastic modulus 
ν Poisson’s coefficient 
Ef Consumed fabrication energy 
Pl laser power 
tl Thickness of layers 
hs Hatch spacing 
νs Scanning velocity 
Q Transferred heat into the system 
CP Specific heat capacity 
m Mass 
Tv, Tr Vaporization and room temperature 
Rz Mean roughness depth 
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AM Additive manufacturing 
CAD Computer aided design 
PAC Prosthetic acetabular cup 
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T(u), T(v) Orthogonal surface tangent vectors to N 
N Surface normal coordinates 
ϒ Mean curvature 
K Geometric characteristic of a plane curve 
R Radius of the curvature  
Δθ Prompt variations in the orientation angle 
Δs Displacement along the curve’s arc length 
A Area 
V Volume 
Ω Spatial orientation angle 
 
Surface/Interfacial energy 
CB(x) Local concentration in the spatial dimension 
f(CB(x)) Helmholtz free energy per mole 
Ar Cross section area of the phases 
nv Solid-liquid mixture per unit volume 
Ftot Total Helmholtz free energy 
SDR Surface distraction ratio 
Indexes, S and  Solid and liquid phases 
𝜇𝑎
𝑖 , 𝜇β
𝑖  Chemical potential coefficients 
Δfi(CB(x))
 
Free energy difference between classical Helmholtz free energy 
and compositionally-weighted chemical potentials 
Teq Equilibrium temperature 
G Gibbs free energy 
S Entropy 
T Temperature 
H Enthalpy 
V Volume 
P Pressure 
U Internal energy 
𝑇𝑇𝑖𝑚  Ti melting temperature 
ɣsl Interfacial energy 
?̇?𝑠  Number of atoms moving to, or from, solid-liquid phases 
Ġ Gibbs free energy rate versus time 
ΔSf Molar entropy of fusion 
Lmp Monge patch length 
θu, θv Orientation angle in different coordinates 
Tr Room temperature 
E Elastic modulus 
ν Poisson’s coefficient 
αT Thermal expansion coefficient 
σth Thermal stress 
Q Transferring heat into the system 
m Mass 
CP Specific heat capacity 
Tv Vaporization temperature 
EDM   Electro discharge machining  
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QAM Quasi-analytical methods 
CSM Cross section method 
SCBM Simple cantilever beam model 
TWSM Two-section model 
THSM Three section model 
FEM3D 3D finite element method 
ux, uy, uz Components of the displacement vector in three coordinate 
directions 
u(x, y, z) Point coordinates of Timoshenko beam 
φ Rotational angle 
δ Displacement 
SL
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E Young’s modulus 
I(x) Second moment of inertia 
L Length of the beam 
A Cross section area 
G Shear modulus 
к Timoshenko shear coefficient 
Fx, Fy Distributed force components on the beam 
M(x) Bending moment 
θ Rotational angle of the tool around workpiece 
Mc Bending moment and depends on the rotational angle 
δs , δf Deflections of shank and flute 
φs, φf , φb Deflection angle of the shank, flute and ball 
Z Position of the deflection 
ZF Z-direction position of the applied force 
Lb, LF Ball and shank length 
IF, Is Second moment of inertia for flute and shank 
Fc Cutting force 
D Cutting tool diameter 
δt Total tool deflection 
d0, df Initial and final diameter 
Dc Depth of cut 
δth Tool holder deflection 
δmc Machine component deflection 
Eh, Et Holder and tool modulus 
Di, Do Inside and outside diameter for the tool holder 
Ih, It Second moment of inertia for holder and tool 
SC Solid cylinder 
ED Effective diameter 
δmax Maximum deflection 
Deff Effective diameter 
Ieff Effective moment of inertia 
fd Flute depths 
ER Equivalent radius 
r Radius of the tool arc 
θER Angle of Req and horizontal line 
Δ Position of the centre of the arc 
Req Equivalent radius 
ρ Radius 
ADC Analog-to-digital converter 
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HT Heat treatment 
AM Additive manufacturing 
CAD Computer adided design 
FC Furnace cooling 
OEMs Original equipment manufacturers 
OM Optical microscopy 
SEM Scanning electron microscope 
EBSD Electron back-scattered diffraction 
DαTi, DβTi Self-diffusion coefficients 
BCC Body-centred cubic 
HCP Hexagonal close-packed 
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ANNs Artificial neural networks 
DOE Design of experiment 
AM Additive manufacturing 
CAD Computer aided design 
CAM Computer aided manufacturing 
OEM Original equipment manufacturer 
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MLP Multi-layer perceptron 
rcm Distance for centre of mass to the origin 
mchip Chip mass 
Vcm Velocity of centre of mass 
Fx, Fy, Fz Force components 
P Momentum 
Chapter 9 
A Cross section of the cutter 
AM Additive manufacturing 
ANNs Artificial neural networks 
D Cutting tool diameter 
CW Clockwise 
d0, df Initial and final diameter of the workpiece 
Dc Radial depth of cut 
DOE Design of experiment 
db Projected length of an infinitesimal cutting  flute in the direction 
along cutting velocity 
ds Diffrentioal length of an infinitesimal curved cutting edge segment 
E Elastic modulus 
Fc Cutting force 
Ft, Fr, Fa Tangential, radial and axial cutting force 
ftooth Feed per tooth 
Ftotal The vector sum of the force component 
Fx̅c, Fx̅e Average cutting and edge force 
G Shear modulus 
h Surface crest height 
h(Ψ,θ,k) Undeformed chip thickness normal to the cutting edge 
hpc Machining power 
I Second moment of inertia 
I0 Helix lag angle 
If, Is Second moment of inertia for flute and shank 
K Timoshenko shear coefficient 
Kz Number of axial elements 
Ktc, Krc, Kac Tangential radial and axial cutting force coefficient (force/area) 
Kte, Kre, Kae Tangential, radial and axial edge force coefficient (force/length) 
Khard Metal removal factor 
Lb, Lf Ball and shank length 
m Mass of cutter in cutting area 
MLP Multi-layer perceptron 
Ntooth Number of tooth 
P Momentum 
Pef, Qef, Sef, Tef Constant of edge and force coefficient 
R Cutting tool radius 
R0 Ball radius 
Ra Average roughness 
Rc, Rs Radial distance between stationary spindle centre and point on 
the cut surface and edge 
Rz Mean roughness depth 
axial axialsc
R ,R
 Axial distance between the stationary spindle Centre and pints on 
the cut surfaces and edge 
Rsm Maximum radial depth of cut/finishing allowance 
RΨ Tool radius in x-y plane at a point defined by Ψ 
SN Signal-to-noise 
Ss Spindle speed 
u0 An additional displacement in the axial direction 
Ux, Uy, Uz Displacement in x, y and z direction 
Vcm Velocity of the centre of mass 
W Width of chip 
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x,y,z Coordinates of a point on the cutting edge 
Z Position of the deflection 
Zf Z-direction position of the applied force 
δf, δt, δs Flute, tool and shank deflection 
δmc, δth Machine component and tool holder deflection 
Δt Time interval 
θ Tool rotation angle is measured from y-axis (CW) 
θst, θex Start and exit angles of the cut 
к Timoshenko shear coefficient  
  Force dependent coefficient 
ρ The density of the cutter 
φ The rotation angle of the normal to the stationary spindle centre 
φb, φs The deflection angle of the ball and shank 
Ψ Helix lag angle 
ψ Immersion angle 
ω Displacement of the mid-surface in the z-direction 
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RBF Radial basis function 
MLP Multi-layer perceptron 
ANNs Artificial neural networks 
HSM High speed machining 
PCD Polycrystalline diamond 
DOE Design of experiment 
F   Feed rate 
S Spindle/cutting speed 
P Cutting fluid pressure 
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Chapter 1. Summary of the thesis 
 Introduction 
A biomaterial is any matter, surface, or construct that interacts with biological 
systems. As a science, biomaterials is approximately 50 years old. It has experienced 
steady and strong growth over its history, with many companies investing large 
amounts of money into the development of new products. Biomaterials science 
encompasses elements of medicine, biology, chemistry, tissue engineering and 
material science. There is growing demand for this material to improve healthcare 
service and satisfy medical problems. It is difficult to fabricate biomaterials using 
traditional processes due to intricate geometry and need for high mechanical 
performance, chemical properties, surface quality and biocompatibility. Biomaterials 
are used as a whole or part of the living organs to act or compensate the missing part 
of the body [1-6]. Based on the literature biomaterials can be classified in six main 
groups containing Ti-Based, Ceramic, CoCr-Based, stainless steel, Mg-Based and 
other biomaterials [7-18]. Usually, metallic materials because of high strength, 
hardness and wear resistance are nominated as candidates for artificial joints, 
orthopedic implants and bone fixators [19]. 
Because of excellent biocompatibility, osseointegration, wear and corrosion 
resistance, low compatibility issues and high strength Ti and Ti-Based alloys have 
widely been used in implant joints such as hip and knee. The usage of bone fixators 
and joints is a direct function of elasticity modulus so commercially pure (CP) Ti, Ti-
5Al-1.5B, Ti-6Al-7Nb, Ti-5Al-2.5B and Ti-6Al-4V are highly used as a bone and joint 
parts [20-25]. 
An overview of surgical implant and hip replacement showed annually over 200,000 
hip surgeries have been carried out in the USA [26, 27]. Due to some problems such 
as an absence of biological self-healing process, high load and wear, degeneration 
occurs in human joints. It was reported that normal life expectancy of implant is 
about 12 to 15 years and needs to be replaced because life expectancy of the patients 
after hip replacement is 17 and 19 years for men and women respectively [28].  
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Conventional techniques to produce prosthetic acetabular shells are investment 
casting, conventional casting, forging and machining. The casting methods suffer 
from non-uniform thickness, dimensional deviation, porosity, sensitivity to 
production conditions, metal mold reaction, fatigue and need for post-processing. 
Also, production cost and high value of scrap are typical problems of the machining 
process. Non-uniform thickness, in the contact area of mold and material is the main 
issue in the production process of prosthetic acetabular in forging. Rough bone, worn 
cartilage, bone spurs, irregular weight bearing surfaces and narrowed joint space are 
sources of pain in patients directly associated with the non-uniform thickness and 
dimensional deviations of the acetabular cup. Dimensional deviation also results in 
implant micro-motion and formation of fibrous tissue and the results are reject 
response from body versus implant and postponement in osseointegration.  
Based on the above discussions, revision surgery is often needed and patients around 
the age of 65 may require further hip replacement and aged 75 or above may require 
revision surgery (taking into consideration the higher risk to the patient. 40% of 
patients did not survive a second intertrochanteric femur implant replacement 
surgery due to complications of anesthetic and in-hospital recovery). It is concluded 
that a new and more reliable method to produce this implant is needed. Additive 
manufacturing (AM) with coupling of computer aided design and manufacturing (CAD 
and CAM) has the ability to produce the intricate shapes in one production process. 
By converting CT scan images to CAD file and performing the printing process most 
of the implants can be produced with the same shape of the real organs. Generally, 
prosthetic acetabular shell have to pass some machining processes such as milling, 
grinding, lapping and polishing. The focus of this research is in milling. Therefore, in 
this research the production and subsequent post-processing of prosthetic 
acetabular shell by using AM has been carried out. 
 Summary of the chapters 
In this thesis two independent reviews about the machining of biomaterials and 
titanium in biomedical application regarding properties and fabrication have been 
carried out.  
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In the second chapter machinability of metallic and ceramic biomaterials has been 
studied. Biomaterial machining strategies comprise, wet, dry, cryogenic, minimum 
quantity lubricant, free, high-speed and air cooled machining have been widely 
discussed to make better selection of our machining plan. Then machinability, surface 
properties and cutting fluids for each six sub-category of implants including Ti-Based, 
Mg-Based, stainless steels, Co-Based, ceramics and other biomaterials were outlined. 
Finally, cutting tools such as high speed tool steels, powder metallurgy high-speed 
tool steels, cast cobalt alloys, cemented carbides, cermets, ceramics and ultra-hard 
tools for machining of different biomaterials were analyzed to make a better 
understanding for tool selection in this project.     
In the third chapter titanium in biomedical applications regarding properties and 
fabrication was reviewed. The properties and composition of Ti-Based bio-
composites was investigated. Titanium in different phases has different behavior 
versus mechanical and chemical properties so the metallurgy of Ti-Based alloys in 
biomedical applications was analyzed to show which category is better for production 
of the acetabular shell in this project. Then the most important mechanical properties 
such hardness, elastic modulus, fatigue and strain for titanium was investigated. 
Hardness has impact on the value of wear and corrosion resistance. The elastic 
modulus of the implant should ideally be close to human bone. Fatigue is important 
in hip joints due to the high and permanent loading and strain is also important for 
durability of the produced cup. In the next step surface modification of titanium by 
different methods to enhance implant properties followed by corrosion resistance in 
human body fluid were reviewed. Titanium biocompatibility and osseointegration 
were discussed in the next section of this review paper where we looked at different 
Ti fabrication methods with their advantages and disadvantages to select the best 
fabrication method for acetabular shell. The results showed that the production of 
acetabular shell by AM including post-processing has potential for research to solve 
the mentioned problems which were discussed in this chapter.  
In the fourth chapter the acetabular shell was designed and printed to analyze 
possible limitations in the fabrication. In this chapter limitations such as unstable 
surfaces, cracks, built-up lines, surface quality and residual particles (balling effect) 
were scrutinized and some solutions were recommended to minimize the limitations. 
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The next chapter follows on from chapter four and is related to mechanisms and 
critical parameters on solidification of selective laser melting (SLM) during fabrication 
of Ti-6Al-4V prosthetic acetabular. To describe different factors in solidification 
Monge patch, Gibbs and interfacial energy, equilibrium temperature and thermal 
stress were discussed. Also in this chapter the main mechanisms to describe 
solidification on SLM such as capillarity, the geometry of intended sample, 
undercooling, process parameters and cooling rate were discussed. The investigation 
of fourth and fifth chapters has been carried out to offer some keys to improve the 
quality of as-built samples. 
Tool deflection leads to dimensional error up to 100 μm depending on the tool and 
tool holder stiffness and machining strategy while the maximum tolerance in implant 
fabrication is 10 μm [29, 30]. Therefore, in chapter six we offered a new method to 
measure ball-nose tool deflection and estimate the dimensional deviation of the 
machined parts. Regenerative cutting force leads to chatter and vibration and results 
in lower surface quality while static force results in deflection and dimensional 
deviations. To that end, different quasi-analytical methods including simple 
cantilever beam model, two section model and three section model were used to 
calculate the value of tool deflection. In addition, to the mentioned models three 
conventional methods including solid cylinder, effective diameter and equivalent 
diameter method for calculating second moment of inertia were used in the 
deflection equations. A new quasi-analytical model for second moment of inertia was 
also proposed in this chapter to increase the accuracy of deflection prediction and all 
results were combined by tool holder and machine component deflection. Two 
verification procedures, containing 3D finite element method and experimental 
setup were used to prove the accuracy of the presented study in this chapter. The 
results of this part of the project showed the value of deflection by using semi-
finishing is higher than standard tolerances while when using finishing results in less 
than specified tolerances for medical applications.  
In chapter seven heat treatment to improve the mechanical properties, 
microstructure and machinability of SLM parts was performed. Different annealing 
processes such as stress relief annealing, mill annealing, recrystallization (α+β) 
annealing and β annealing followed by furnace cooling were implemented. Then the 
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effect of different phenomena that happened during heat treatment on enhancing 
microstructure, tensile strength, elongation and macro-hardness were discussed. 
Also, fractography by SEM and scanning whole fractured surfaces by optical 
profilometer explained different effects of heat treatment on the samples.   
When ball-nose end mills are used, the lead angle, tool path and contact area are 
significant factors for the machining force components. Also, heat treatment due to 
changing in tensile strength and hardness affects the value of cutting forces and 
subsequently surface quality and deflection. Therefore, chapter eight is dedicated to 
characterizing the effect of cutting condition, tool path and heat treatment on cutting 
forces of SLM prosthetic acetabular shell in 5-axis milling. To analyze the effect of 
mentioned parameters on cutting force, multi-layer perceptron neural networks with 
cross validation have been used. Then the average contribution of input nodes on 
outputs and interaction analysis showed the effect of tool path, heat treatment and 
cutting condition on the cutting forces. We also used the results of Chapter 6 for tool 
deflection to have a proper explanation on the alternation of cutting forces. 
Before starting the last chapter to check the feasibility of modeling for surface 
roughness in multi-axis machining by using artificial neural networks (ANNs) the most 
similar multi-axis machining on curved surfaces which is thread milling has been 
carried out. Two different materials with better machinability rate, brass and 
aluminium alloys, were used and results showed that ANN is a strong tool for 
modeling of surface roughness in multi-axis machining. Because we used different 
materials the results of this feasibility test is not the main body of the thesis and is 
positioned in Appendix B. The final publication chapter is related to a comprehensive 
study on surface visualization in 5-axis milling of SLM Ti-6Al-4V prosthetic acetabular 
shell. Three common modeling methods, Poisson regression, Taguchi and ANN, were 
used to determine the most accurate method to predict the value of surface 
roughness in 5-axis milling. Statistical analysis for correlation of input on surface 
roughness and average contribution of input nodes on outputs using ANN were the 
next steps. Finally, interaction of post-process parameters on outputs by using ANN 
and Poisson regression model showed the trend of changing each parameter on the 
value of surface roughness and optimum areas.  
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Following the above-mentioned chapters, “Conclusion” and “Plans for future work” 
complete this submission. 
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Chapter 2.  Machinability of Metallic and Ceramic 
Biomaterials: A review 
This chapter has been published in the form it is presented here.  
 
Amir Mahyar Khorasani*, Ian Gibson, Moshe Goldberg, Junior Nomani, Guy Littlefair. 
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Abstract 
The machining process is the most common method for metal cutting, especially in 
the fabrication of biomaterials and artificial implants. In modern industry, the goal of 
production is to manufacture products at a low cost, with high quality in the shortest 
time. The main focus of the research presented here is to provide a review of the 
machinability of metallic and ceramic biomaterials in traditional machining processes 
such as turning, milling and grinding. Thereafter, machining strategies, machinability 
and surface characteristics post machining will be discussed. In order to comprehend 
a better understanding of the machining process, various cutting tools and fluids are 
analysed. Finally, the research gap and future work are suggested to show the 
directions of prospect investigations.  
Key words 
Biomaterial machining, Machinability, Surface characteristics  
 Introduction 
Any artificial/prosthetic material that has interaction with biological systems is 
termed a biomaterial. Due to the high demand for biomaterials it has seen a steady 
and strong growth over its short history and therefore many companies are 
investigating these materials. A combination of various fields such as mechanical, 
material and surface engineering, biology, tissue engineering, chemistry and medical 
science have been called biomaterial science. [1-5]. Biomaterials can be fabricated by 
different processes in metallic and non-metallic materials and they should be a part 
of biological/living systems or they replaced by damaged organs. There are big 
markets for these materials that are radically growing owing to the increase in 
demand for better healthcare services. Improvements in innovative biomedical 
systems can produce major breakthroughs in the healthcare industry, and advanced 
manufacturing technologies can propel such innovations [6-10]. These materials have 
complicated geometries, mechanical properties and are difficult to manufacture 
using traditional and non-traditional production processes [11]. 
Biocompatibility, osteoinduction, osteoconduction, osseointegration, low toxicity 
and allergy rate are significant medical peculiarities of biomaterials. Parallel to the 
 
 
39 
 
mentioned characteristics fatigue resistance, machinability, elasticity, strength, 
corrosion resistance, wear resistance and toughness are essential mechanical 
properties for biomaterials used in medical applications. Generally, metallic materials 
are evaluated as candidates for orthopedic implants, bone fixators, artificial joints; 
and have high tensile strength compare to other materials. Biocompatible ceramics 
are termed bioceramics/ceramic biomaterials and they are extremely used in medical 
applications such as dental, joint replacement coating, pacemakers, kidney dialysis 
machines, and respirators and bone implants owing to durability, low wear and 
inflammatory response [12]. 
By virtue of improving technology and their unique mechanical and medical 
properties, application and usage in recent years, research concerning biomaterials 
has resulted in them being classified into five sub-groups. Each category consists of 
six major materials such as Ti-Based, Mg-Based, stainless steels, Co-Based and 
bioceramics [13-24]. This review paper gives an insight into the machining and 
manufacturing of metallic and ceramic biomaterials. Different biomaterials in terms 
of machining strategies, machinability, surface quality, proper cutting tools and fluids 
will be discussed in order to decrease the amount of failure in manufacturing process 
as well as after implantation.   
The paper is divided into five parts start with different machining strategies to 
highlight which method is more efficient, then machinability of these biomaterials 
and analysis of the various factors that change the machining rate are discussed. 
Surface roughness, texture and related treatments in machining are discussed to 
increase the quality of surface in terms of corrosion and wear resistance, lubricity, 
mechanical and physicochemical properties which lead to increase implant durability. 
Cutting fluids and tools are introduced to present an overview for researchers to 
identify the best choice when machining metallic and ceramic biomaterials.  
 Biomaterials machining strategies  
Different machining conditions have been applied for the machining of biomaterials 
that are associated with cutting parameters and the type of cooling process which is 
discussed in this section.  
 
 
40 
 
  Wet machining 
The effects of wet cuttings on metal machining have widely been examined [25-27]. 
Wet machining is the most popular material removal process and has superior 
characteristics such as decreasing adhesion, friction, cutting energy, operation 
temperature, eliminating built up edge, increasing tool life and efficiency, lubrication 
and washing chips. Therefore, this process increases the efficiency and decreases 
production time and cost [28-34]. 
  Dry cutting 
Dry machining is economical due to the elimination of cutting fluid and being 
environmentally friendly. It has been used for some biomaterials [30]. The friction 
and cutting temperature in dry machining are greater than in wet machining and can 
lead to reduced tool life, surface quality and thermal shocks. However, reducing 
thermal shocks in some tools caused increasing tool life [35]. Heat distribution and 
using high quality tool materials such as coated tool, cubic boron nitride (CBN), 
cermets, and polycrystalline diamond are two important techniques that can 
recompense for the effect of eliminating cutting fluid.  
  Cryogenic machining 
Machining at low temperatures near -1500c is called cryogenic machining. In these 
operations liquid gases such as helium or nitrogen are poured onto the cutting zone 
in order to absorb the cutting temperature [36, 37]. Commercial cryogenic coolants 
used in the machining process are liquid helium, air, liquid nitrogen (LN2), liquid 
carbon dioxide (LCO2) and solid carbon dioxide (dry ice). In machining biomaterials 
these coolant fluids reduce friction and dissipate high heat. Subsequently, the 
chemical reactions between the workpiece and tool, adhesion and diffusion of the 
tool decline; thus tool life, thermal conductivity and efficiency increase [38-43]. In 
cryogenic machining, the mechanical properties of the workpiece are changed; for 
instance, hardness, cutting force and strength increase, but in contrast, elongation 
and fracture toughness decrease. The reason can be related to low temperature that 
causes material to become brittle and under cutting conditions they have different 
behaviors [44, 45]. The most popular agent in the cryogenic machining of 
biomaterials is liquid nitrogen that which lubricates the cutting surface and reduces 
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the friction coefficient so tool life increases rapidly and processing time and expenses 
decrease [46-50]. 
  Minimum quantity lubricant (MQL) machining 
This method is used in situations where surface quality is a very prominent factor and 
wet or dry machining is not practicable. In this method lubrication is more important 
than cooling so in the machining of titanium and nickel the high temperature 
produced in MQL is not effective. In MQL boundary lubrication on the contact 
surfaces decreases friction on the contact surface of the tool and workpiece and 
evaporation of the coolant fluid illustrates that circulation and performance are weak 
[51-53]. In MQL coolant fluid and air are mixed and pass through the nozzle that can 
have different designs like inside or outside of cutting tool. Also, Lopez et al. [54] 
illustrate that MQL reduced the consumption of coolant fluid by 95%. A MQL study 
on titanium alloys shows that built up edge in this operation is observable and the 
workpiece material became harder at the very low air temperature, which resulted 
in increasing cutting force and power in comparison with dry machining [55]. In MQL 
flank face machining, tool life is longer compared to the rake face by virtue of the 
cutting fluid not covering the tool chip face during the spraying of coolant fluid and 
consequently the cutting force decreased [52, 56].  
  Free machining 
This method forms small chips and increases the machinability by breaking the chips 
into small pieces thus avoiding entanglement in the machinery [57-61]. The free 
machining of biomaterials with Pb also allows for higher machining rates. In the 
machining of titanium alloys ductility and impact resistance decline, whereas 
temperature and tool life are modified [62-64]. Further studies on dental titanium 
biomaterials [65, 66] have shown that free machining Ti has improved the dental 
prostheses material removal process. 
  High speed machining (HSM)  
In HSM, by increasing the spindle speed in the range of 30000 to 100000 RPM, the 
temperature dramatically increases and leads to reduced workpiece material 
strength and cutting force. Also, it has a negative effect on the hardness of tools and 
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decreases tool life. The increasing temperature in HSM has direct relation to chemical 
reactivity between the workpiece and cutting tool that has dire consequences on the 
process such as tool adhesion, wear diffusion and increasing built up edge. In the dry 
machining of biomaterials increasing cutting speed and temperature are critical 
because in some cases it can soften the workpiece and decrease cutting force, but in 
some other aspects, such as the machining of titanium and nickel, this can result in 
chemical reactions and excessive tool wear [67]. In binderless CBN HSM of Ti-6Al-4V 
workpiece material strength decreases by increasing the cutting temperature [138]. 
Large plastic deformation at the primary cutting zone results in increasing 
temperatures in the HSM of ductile material and increases tool and workpiece 
adhesion [54]. For compensating these problems cryogenic machining is suggested 
[42, 68]. Investigation of HSM on nitinol shows that flank wear is highly related to 
cutting conditions. According to Figure 2-1 (A) by increasing cutting speed up to 
100m/min tool wear is decreased then increased for higher speeds. The reason is 
associated with longer contact time between cutting tool and workpiece in low speed 
and high cutting force at higher speeds ranging 100-500 m/min. Another possible 
reason can be attributed to the reactivity of the work material with the tool material 
and accelerate the adhesion wear. Figure 2-1 (B) illustrates that by increasing feed 
rate due to increasing cutting forces tool flank wear increased and Figure 2-1 (C) 
shows that the value of tool flank wear is a function of increasing depth of cut and 
chip-tool contact area.  
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Figure 2-1 The effect of cutting condition on tool flank wear [69] 
 Air cooling machining 
Chilled and compressed air for cooling in machining has been a subject of much 
research during recent years [53, 70-74]. One of the most important outcomes of 
using air cooling machining of biomaterials is increased tool life and decreased 
manufacturing time. Also, in air cooling of Ti machining, the cutting force decreases 
in three dimensions due to decreasing friction. Decreasing cutting forces lead to 
reducing tool deflection and vibrations to improve surface quality and dimensional 
deviations [53, 74, 75]. Using air cooling machining reduces the amount of adhesion 
and eliminates built up edge. As a consequence, this method has a superior surface 
quality than using minimum quantity lubricant and dry machining [53, 55, 76]. 
 Machinability Properties  
Machinability identifies which material can be machined with acceptable surface 
roughness, low surface defects and tool wear; in other words, the rate of material 
resistance against cutting or material removal is called “machinability”. Materials 
with good machinability require low power to cut, can be cut quickly, are easy to 
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obtain a good finish, and do not wear the tooling much; such materials are said to be 
free machining. 
In the fabrication of implants, traditional material removal methods compare to non-
traditional approaches have some superiorities such as a low dimensional deviation, 
thermal residual stress, high surface quality and efficiency. Moreover, traditional 
methods using computer numerical control (CNC) controllers have the capability to 
produce implants with the same geometry as human’s organs. Traditional machining 
of metals, ceramics and polymers is performed to produce ideal surfaces and rough 
surfaces with controlled textures. Machining processes are important for generating 
structured surfaces in many biomedical applications [77]. Machinability of 
biomaterials is highly dependent on independent variables that are: tool material, 
coating, tool shape and geometry, tool sharpness, workpiece material and its 
processing history, cutting speed, feed rates, depth of cut, cutting fluid, 
characteristics of the machine tool and the type of workpiece holding [31]. In this 
section, based on these classifications machinability of metal and ceramic 
biomaterials is discussed.  
 Ti-Based Alloys 
Titanium is the most popular biomaterial because of its high tensile strength, 
hardness, corrosion resistance and in contrast to Cr, Co and Ni it has no side-effects 
in the human body. “The lightness of titanium (4.5 g/cm3 compared to 7.9 g/cm3 for 
316L stainless steel, 8.3 g/cm3 for cast CoCrMo, and 9.2 g/cm3 for wrought CoNiCrMo 
alloys) and good mechanochemical properties are salient features for implant 
application” [15, 78]. Figure 2-2 illustrates different Ti-Based biomaterials elasticity 
module.  
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Figure 2-2 Important Ti-Based Biomaterial elastic module [79] 
Due to high cutting temperature, chemical reactivity, strength and low thermal 
conductivity of Ti and Ti-Based alloys, small improvement has been made in 
machining of this alloy. Approximately 80% of generated heat during machining of Ti-
Based alloys are transferred into the tool because low thermal conductivity of Ti 
prevents any heat transferring from a workpiece. The value of conducted heat into 
the cutting tool for steel is about 50%. Moreover, extremely steep temperature 
gradients occur and the heat affected zone is smaller and much closer to the cutting 
edge owing to thinner chips and make a very thin flow between cutting tool and the 
chip (about 8μm while this value for iron is about 50μm). Another problem in the 
machining of Ti-Based alloys is higher cutting pressure that is reported three to four 
times higher than steels. This is associated with the small contact area for chip and 
cutting tool in rake face of the cutter and higher resistance of Ti to deformation at 
elevated temperatures. Figure 2-3 shows cutting pressure for Ti-6Al-4V, steel CK 53 
and Nimonic 105. 
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Figure 2-3 Average cutting stress for different materials and cutting tools [64] 
Low elastic modulus of Ti results in increasing the chatter in the machining operation. 
In a continuous cutting pressure Ti deflect (about two times more than steels) and 
make promote the  spring-back phenomenon and leads to premature flank wear [80]. 
Ezugwu [81] presents an overview of major advances such as using coated tools and 
cryogenic cooling in the machining techniques that led to decreasing cutting zone 
temperature and increases in productivity. Hence, lower manufacturing cost, without 
adverse effect on the surface finish, surface integrity, circularity and hardness 
variation of the machined dental material component. This research showed that the 
use of inert gases due to the poor lubrication and thermal conductivity has negative 
effect on tool wear and workpiece quality. Moreover, in machining of Ti-Based 
biomaterials low thermal conductivity is a noticeable issue for CBN and ceramic tools 
thus using cutting fluid (gas coolant) is recommended. 
The integration and novel approach of the tool path generation and simulation for 
milling in the field of dental technology on Ti alloys was studied by Gaspar and 
Weichert [82]. They optimized the tool path in terms of path length and feed rate 
thus machinability and efficiency increased. Changing tool path and feed rate 
resulted in modifying cutting force and decreasing tool wear. The machining of Ti 
biomaterials and its alloys illustrates that the efficiency of this process when 
compared to stainless steel and ceramics is dramatically lower, but by using multi-
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layered coated CBN and tungsten carbide or tungsten cobalt (WC/Co) inserts 
efficiency increases and wear zones are reduced. Indeed, free machining titanium led 
to increased tool life and decreased cutting temperature while it had a negative 
impact on ductility and impact resistance [62-64].  
The investigation of 37 patients with 88 titanium restorations [83] has shown that it 
can be assumed, machined titanium restorations are suitable for clinical use, 
although not for all problems. Under some machining situations, the machining of 
titanium alloys produces micro and nanoparticles that are hazardous to the 
environment and health. The particles are made due to chemical reaction between 
cutting tool and workpiece in special temperature range. The recommended solution 
for reducing these contaminants is using HSM. Furthermore; Nb, Ta and Zr are the 
favourable, non-toxic alloying elements with low rate of particle emission for Ti-
Based alloys in biofabrication [84-86]. The deformation mechanism in the machining 
of Ti-Based alloys is complex and abrasion, attrition, diffusion–dissolution, thermal 
crack and plastic deformation are the main tool wear mechanisms. These problems 
are related to low thermal conducting and high hardness of Ti-Based biomaterial that 
led to raising thermal shocks in cutting zones, decreasing yield stress and increasing 
chemical reaction between cutting tool and workpiece [87]. 
Machining titanium alloys at high speeds can be beneficial from a particle emissions 
point of view, but because of their high strength to weight ratio, low thermal 
conductivity and high interfacial temperature the tool wear rate rapidly increased. 
For solving the problems and improving high thermal durability, special materials, 
including hexagonal boron nitride (HBN), ceramic, diamond, and CBN tools are used. 
In HSM Ti-Based biomaterial by increasing the cutting speed, better surface finish, 
less work hardening and chip cross-sectional area or chip thickness and a lower 
cutting force or load was obtained [69, 88, 89]. Another way of increasing tool life 
and decreasing cutting force is to use high-pressure cutting fluid and 5 axis machines 
respectively that are tested experimentally in the machining of Ti–6Al–4V. High 
pressure coolant fluid controls machining temperature and 5 axis movement 
decreases cutting force by making better contact area for cutting tool and workpiece 
[90, 91]. Experimental machining of Ti-Ag and Ti-Cu alloys [92, 93] demonstrates that 
the cutting force in the machining of titanium is rapidly reduced by adding silver. In 
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Ti-Based alloys milling the average cutting forces are linked to tool geometry and 
cutting conditions and by optimizing the flute angle to near 200, the force reduces. 
Decreasing in machining force led to improving surface quality, which includes 
roughness and cracks, tool life as well as cutting zone temperature (Figure 2-4 shows 
the effect of flute angle on cutting stress and force) [94]. 
 
Figure 2-4 The effect of flute angle on cutting stress and force in the machining of Ti-6Al-4V 
[94] 
Studies on high-speed dental, free machining titanium that have been performed by 
Tira and Feyerabend et al. [65, 66] illustrate that this operation has superior 
properties for dental prostheses. In free machining of Ti, the cutting effectiveness of 
the rotary cutting instruments might be improved, tool life increased and more 
complicated prosthetic designs might be solved. Indeed, these studies have shown Ti 
containing lanthanum (due to crystal structure and modifying modulus) appears to 
be a good alternative for biomedical applications, in machining processes. Studies on 
the machinability of cast titanium and Ti-6Al-4V [95, 96] illustrate that each material 
removal process largely depends on the machining conditions when compared to Ti 
5553 and Co-Cr alloys, CP-Ti and Ti-6Al-4V appeared to be much easier to cut or 
machined. The reason is Ti 5553 has extremely low thermal conductivity and Co-Cr 
alloys are harder than CP-Ti and Ti-6Al-4V.  
Grinding is mostly used in the finishing and producing extremely smooth surfaces so 
this operation is suitable for biofabrication especially in sliding surfaces such as hip 
and knee joints. Literature on grindability of Ti alloys [97] illustrates that alloying 
additions lead to increased grindability by reducing fracture toughness, ductility, 
tensile elongation and the resistance to crack initiation. For instance, adding copper 
to Ti-6AL-4V causes an increase in grindability and a slight reduction in ductility. In Ti-
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Cu and Ti-6Al-4V eutectoid and α+β structure increase resistance to plastic 
deformation and help to enhance grindability by breaking more easily in forming 
chips indeed, ductility decrease so machinability improve. Generated heat in 
machining of Ti due to low thermal conductivity remains in the workpiece and tool 
surface can be improved by adding Cu that has better thermal conductivity. However, 
adding Cu to Ti increase the hardness and cutting forces therefore, has negative 
effect in this viewpoint. [98]. Ti with 10% Cu alloys have a high rate of grindability and 
a low rate of wear compared to CP-Ti. Likewise, the grindability and chips ground of 
Ti–6Al-4V and Ti–Cu alloys with lower Cu concentrations are similar. Another way for 
increasing the grindability of titanium is by adding 20% Ag, 5% Cu, and 10% Cu alloys 
so alloys of copper or silver improve microstructure, heat conductivity and 
subsequently the grindability of Ti, particularly at a high speed [99-101]. Ti–40Zr alloy 
has a great contribution for use as a dental machining alloy and the grinding rate of 
the Ti–40Zr alloy at 500 m/min was about 1.8 times larger than that of CP-Ti while 
the grinding rate of Ti–10Zr–5Cr at the speed of 100m/min is about 2.6 times more 
than for CP-Ti. Adding Zr and Cr balance mechanical properties such as transferring β 
phase and improve thermal conductivity of CP-Ti. Also, the grinding ratio of these 
alloys is significantly higher than CP-Ti [102, 103]. The alloying elements Nb, Mo, Cr 
and Fe greatly contributed to increase the grinding ratio under all grinding conditions 
presumably due to increasing thermal conductivity and the brittle nature of the alloy 
containing the ω phase in the β matrix. Generally, the grinding rate for all metals is 
largely dependent on cutting parameters such as grinding speed [104]. Ohkubo et al. 
[105] studied on grindability of biomaterials and they found that the ease of grinding 
was found in the order of Ti–6Al–4V =Type IV gold > free machining = CP-Ti > Co–Cr. 
The grindability of the gold alloy was similar to that of Ti–6Al–4V, whereas the Co–Cr 
alloy because of high hardness, cutting force and wear had the lowest grindability.  
Ti-Cr alloys are another subject for bioresearch because of their usage in 
biomaterials. It is found that Ti–10Cr, Ti-20Cr-X alloy X (X = Nb, Mo, Zr or Fe) Ti–5Cr, 
Ti–5Cr–0.1Fe, Ti–5Cr–0.5Fe and Ti–5Cr–1Fe have a high grindability rate, especially 
at 1000 m/min, which is probably due to the brittle nature of the alloy [106-108].  
Also, “In machining of Ti, the elevated temperature and high strain at tool-workpiece 
interface may alter workpiece microstructure and result in β to α phase 
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transformation. During phase transformation, some intermediated phase such as ω 
phase may form which is highly brittle and hard to machine, and it could reduce the 
fatigue life of machined components” [109]. 
Hard to machine biomaterials are classified into three groups, ductile biomaterials, 
non-homogenous biomaterials and hard biomaterials, shown in Figure 2-5. These 
individual material groups are discussed in subsequent sections. 
 
Figure 2-5 Hard to machine biomaterials [24] 
 Mg-Based Alloys 
Magnesium has exclusive properties similar to natural bone, a natural ionic presence 
and is lightweight. Magnesium alloy has a density of 1.74 g/cm3-that is one of the 
lightest materials-which has unique properties of high specific strength and high 
specific stiffness and is utilized in many applications such as biomedical engineering 
[110-113].  
Mg alloys like Mg-Ca0.8 have improved machinability characteristics and obtained 
chip thickness about 1 micrometer at high speed. Better machinability can be 
attributed to Ca thermal conductivity that is 8 times more than Ti and prevent 
thermal shocks in cutting zone [114]. Adding 2% Al to AZ series cast Mg alloys led to 
maximum tensile properties and cutting forces and tool deflection tended to reduce 
so cutting temperature and the machinability increased [110].  
 Stainless Steels 
Steel alloys with a minimum of 10.5% chromium content by mass have been called 
“stainless steel” and they are a great contribution to the semiconductor and 
biomedical industries. The most commonly used stainless steel grade, Austenite 
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316L, has better corrosion resistance against chloride solutions and has significant 
contributions to medical applications, like bone plates and screws, implants and 
spinal rods [115]. 
The effect of the feed rate on chip formation and tool wear of cast stainless steel with 
hot isostatic pressed (HIPed) NiTi coating was analyzed by Paro et al. [116]. In pseudo-
elastic material high strength strong deformed layer and work hardening lead to 
machinability difficulties in cutting process. In addition, In HIP process Fe diffusion on 
NiTi and enriching Cr decrease tool life and machinability thus effective cutting 
speeds and feed rates were recommended in order to optimize cutting forces, 
temperature and tool life without a decrease in coating properties. Figure 2-6 shows 
the effect of cutting parameters on surface quality in turning operation of stainless 
steel. As it can be seen in Figure 2-6 (A) by decreasing the feed rate and cutting speed 
the value of roughness is decreased. Decreasing feed rate and depth of cut led to 
decreasing surface roughness Figures 2-6 (B), while the interaction of cutting speed 
and depth of the cut shows (Figure 2-6 (C)) that the best surface quality is obtained 
by decreasing the depth of cut and increasing cutting speed. 
 
Figure 2-6 The effect of cutting condition on surface roughness [117] 
Modeling of the cutting edge geometry of medical needles that are produced by heat-
treatable stainless steels have shown changing inclination angle of the needles 
resulted in reduction of pain and trauma by the patient. To change this angle using 
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convex grinding wheel and 5 axis grinding is recommended, but using convex tool 
gives constant inclination angle, while second method is more flexible because 
cutting contact surface and subsequently cutting force and temperature are 
controlled [118]. Using rapid prototyping and machining of stainless steel illustrates 
that the machining time has to be improved and tool selection (number and paths) is 
important to achieve high quality surfaces and machinability. Different tool path 
leads to changing in force component cutting temperature and tool life [119]. 
Austenite 316L has better machinability compared to that of duplex alloys and the 
chisel edge area responsible for surface penetration demonstrated a shorter amount 
of wear on the 316L tools in comparison to duplex; indeed, no flute damage was 
found in the drilling of austenite316L. The reason is related to gamma phase of iron 
in FCC structure that is softer and more ductile than duplex alloys so produced force 
and temperature during machining process are optimized [120]. 
 Co-Based Alloys 
Co-Cr alloy when used as a biomaterial is required to possess high resistance to wear, 
corrosion and biocompatibility. “These materials are usually called Co-Cr alloys and 
divided into two groups: one is the CoCrMo alloy, which is usually used to cast a 
product, and the other is CoNiCrMo alloy, which is mostly wrought by (hot) forging. 
The first type has been used in dentistry and joints and the second category has been 
used for prostheses for heavily loaded joints (such as the knee and hip) [15]. 
Soft computing techniques have been used by Vera et al. [121] to optimize a dental 
milling process on Co-Based specimens. They used artificial neural networks ANNs to 
model surface roughness and production time then optimized it by genetic algorithm 
and validate it by ANNs. The results of this research led to minor time errors for the 
manufacturing of dental pieces and minor erosion thus, proved soft computing is 
appropriate devise for modelling of milling process in dental application. Milling of 
Co-Cr-Mo dental alloys by using diamond coated tools exhibited increased tool life 
and decreased friction. Diamond is a good conductor of heat because of low phonon 
scattering and strong covalent bonding which is five times more than copper. As a 
result of using diamond coated tools, the machinability of Co-Cr-Mo increased 
dramatically [122].  
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Co-Cr grinding using 8000 grit led to producing an average surface roughness of 7 nm 
and superior surface hardness, biocompatibility and machinability. Figure 2-7 
demonstrates that increasing the number of wheel grits (NWG) in the grinding 
process resulted in uniform cutting contact areas and force on workpiece and 
produces better surface quality. These privileges are also related to diffusion of 
several types of elements in cutting operation and coolant fluid compositions [123].  
 
Figure 2-7 Surface roughness of finished Co-Cr alloy versus wheel grit [123]  
 Ceramics 
Ceramic materials are refractory, nonmetallic, polycrystalline compounds, solid and 
produced by the action of heating and cooling and they have partly and fully 
crystalline or amorphous, glass like structure, usually inorganic, including silicates, 
metallic oxides, carbides, and various refractory hydrides, sulfides, and selenides.  
Recently, ceramic materials have been given a lot of attention in biofabrication since 
they have some highly appropriate properties for certain applications. Ceramics have 
been used in biomedical applications such as dentistry for dental crowns by reason 
of their inertness to body fluids, high compressive strength, and good aesthetic 
appearance in their resemblance to natural teeth. Due to their biocompatibility, high 
specific strength as fibres, they are utilized for reinforcing component for composite 
implant materials and tensile loading applications such as artificial tendon and 
ligament replacements [15]. Ceramic biomaterial with machining capability is divided 
into Aluminium Oxides (Alumina), Zirconium Oxides (Zirconia) and Glass-Ceramics 
which are discussed in this section [124]. 
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The machining of ceramics has problems. For instance, vibrations can lead to cracks 
and fracture because of the brittle nature of this material and by reason of low 
thermal conductivity of them thermal and texture damages are another issue  [125]. 
To solve the mentioned problems, the novel direct ceramic machining process by 
using diamond tools and controlling cutting condition for all-ceramic dental 
restorations with high mechanical strength is recommended. Indeed, using coolant 
fluids may lead to thermal shocks on cutting tool so gas cooling system is needed to 
compensate low thermal conductivity and prevent thermal damages in diamond tool 
[126]. Drilling, milling and turning of alumina/cyanoacrylate green ceramic compacts 
have shown that the conventional WC tools can be used for this material with a low 
rate of wear. Green ceramic has suitable characteristics for green machining and no 
cutting fluid is needed because the compact structure did not show any signs of 
thermal degradation. By using the finite element method the place of maximum 
cutting load is determined and by using 5 axis CNC machining cutting forces and tool 
deflection and damage can be minimized [127-129].  
Machining variability impacts on computer aided design and manufacturing (CAD–
CAM)  ceramics [130, 131] proved that IPS Empress 2 framework ceramic has a better 
surface quality and machining characteristic than Vita Mark II ceramic that is related 
to brittle structure and better thermal conductivity of IPS. Investigations on nano-
crystalline hydroxyapatite (HA) bio-ceramics showed that these materials have high 
machinability characteristics that is related to brittle fracture without plastic flow. 
Observations demonstrate that all cutting parameters have direct effects on surface 
roughness of this biomaterial, but the feed rate has the greatest impact on cutting 
force  tool deflection and surface quality [5]. In the ceramic category glass-ceramics 
and ceramic green sheets made from viscous polymer processing possess high green 
strength and good machinability. In viscous polymer processing appropriate solvent 
and adequate applied pressure are two important factors that influence on the 
interfacial bonding, strength, resistance to cut and process temperature thus, 
optimizing these factors lead to improving machinability [132-134]. Green machining 
of ceramics on alumina dental crown due to compact structure, appropriate 
interfacial bonding and green strength proved that by optimizing cutting parameters 
 
 
55 
 
cutting force and temperature can be minimized therefore, dental crowns were 
successfully fabricated with high surface quality and low dimensional deviation [135].  
 Other Biomaterials 
This category contains other biomaterials such as composites, dental restoration, 
nacre, zirconium, and nickel that are used in manufacturing and medical applications.  
“In dentistry, amalgam is an alloy of mercury with various metals used for dental 
fillings. It commonly consists of Hg (50%), Ag (~22-32%), Sn (~14%), Cu (~8%), and 
other trace metals”[136]. Hg has low thermal conductivity (8 W/Mk) and high thermal 
expansion while Cu and Ag have high thermal conductivity (about 50 times more than 
Hg) so they improve thermal problems such as shocks, tool wear and surface quality.   
 “The NiCr alloys in dentistry are generally used for porcelain veneered and without 
veneered crowns, fixed and removable partial dentures and bridgework. The 
corrosion resistance of the NiCr-alloys is provided by the chromium content which 
produces a passive oxide layer on the surface”. These layers increase hardness, tool 
wear and cutting forces so machinability decreased. Indeed, during dry machining of 
this alloy Ni carbide appears due to thermal oxidation that is hard component and 
declined machinability [16]. 
“NiTi is categorized as a shape memory alloy that found interesting applications in 
vast areas of engineering from aerospace to biomedical; the latter applications are 
due to its biocompatibility in addition to its unique properties. This alloy has an 
unusual property in that after metal is deformed they can “snap-back” to their 
previous shape following heating. The unique properties such as shape memory, high 
ductility, severe strain-hardening and pseudoelasticity make NiTi an excellent 
candidate in many functional designs, while the mentioned characteristics show this 
alloy is difficult to cut. NiTi has better properties than Ti or Ni alone for implantation. 
However in NiTi machining generated heat is not discharged smoothly, leading to 
thermal shocks and tool wear and decrease machinability [45, 79, 137]. Platinum and 
other new elements in the platinum chemical group like rhodium, iridium and 
palladium have unique properties and resistance against corrosion, but have poor 
mechanical properties and are suitable for manufacturing of pacemaker tips. 
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Compared to Ti this metal has low hardness and strength and higher thermal 
conductivity so lower cutting forces and thermal shock appear during machining 
operation which lead to increasing tool life. In addition, high melting points prevent 
any build-up edge and surface defects [15]. 
Experiments on micro-end milling of NiTi alloys shown that in up-milling the burrs are 
thinner compared to down-milling. The reason is related to the higher cutting force 
on up-milling that leads to dislodge particles from the surface of workpiece and 
making bigger burrs. Indeed, burrs are thicker on martensitic structure because in 
this structure carbon atoms do not have time to diffuse out of the crystal structure in 
large enough and make harder material [138]. 
NiCu and CoPd alloys are utilized for treating prostate cancers due to their magnetic 
properties. They are implanted in the tumor and produce heat to kill tumor cells 
without harming adjacent tissue  [15]. Ni and Co have high hardness and strength 
which increase cutting force, but compare to Ti they have high thermal conductivity. 
Adding Cu and Pd (due to lower hardness and strength) modify mechanical properties 
and machinability of Ni. Fe–35 wt-%Mn alloy is one of the novel biomaterials that has 
a high resistance to corrosion, high strength and ability to slowly corrode and is used 
in stent application. This material is produced by powder metallurgy and has good 
machinability characteristics. Good machinability is related to the ω phase of iron 
which is softer and more ductile [139].  
Tantalum is mainly used for animal implants and due to the thin oxide layer (formed 
on their surfaces) that prevents further oxygen penetration, has high rate of 
biocompatibility. Radioactive tantalum is utilized to treat head and neck tumors [15]. 
High strength and hardness result in higher force and tool wear during machining 
operation therefore, Tantalum has low machinability and is barely used as alloying 
element in biomedical applications. 
Aluminum is used in bio-applications such as accumulating in soft tissues [140]. To 
produce Ti-6Al-4V and Ti-6Al-7Nb that are the most common alloys in biofabrication, 
Al, V and Nb should be added to Ti which led to improve thermal conductivity and 
mechanical properties such as tensile strength. Obviously increasing tensile strength 
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has a direct correlation with cutting force and temperature and decreases 
machinability. Moreover, oxidation of Al on the surface of the mentioned alloys 
results in formation of stable chemical bonds and increased hardness. 
Gold is used in dentistry due to its stability, durability and corrosion resistance. For 
increasing strength, adding less than 4% platinum is suggested. Softer gold alloys 
containing more than 83% gold are used for inlays, which are not subjected to too 
much stress. Harder alloys containing less gold are chosen for crowns and cusps, 
which are more heavily stressed [15]. Au is stable against oxidation, has high thermal 
conductivity and suitable tensile stress for machining.  
One of the novel materials in prosthetic dentistry that is used for the manufacturing 
of dental parts is zirconium. Finish machining of yttrium cation-doped tetragonal 
zirconia poly crystals illustrates that machinability and tool wear are greatly related 
to combined ductile-brittle material removal and adhesion of workpieces 
respectively. Adhesion prevails tool wear especially when chemical reactions occur 
between tool and workpiece composition in higher temperature therefore, adhered 
particles on the surface of cutting tool make dents on the workpiece and decreases 
surface quality, dimensional deviation and machinability rate [141]. Figure 2-8 shows 
workpiece material adhesion on the tip of tool in hard turning Ti. 
 
Figure 2-8 Optical image of solid carbide cutting tool after hard milling of 3D printed Ti 
[142] 
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 Surface properties in machining 
Biomaterial surface has different characteristic such as roughness, patterns, 
wettability, surface mobility, chemical composition, electrical charge, crystallinity, 
modulus and heterogeneity to biological reaction. A combination of surface 
characterization methods is recommended for solving a problem from various 
perspectives and to provide more comprehensive information about the biomaterials 
surface [143, 144]. In this section the surface roughness of biomaterials is 
investigated due to its importance in the machining process.  
Different surface modification approaches have been developed in all classes of 
materials to modulate biological responses and improve device performance without 
altering material bulk properties in various medical and industrial applications [145-
151]. Surface modification of biomaterials falls into two main groups first one is 
physicochemical modifications containing alternations to the compounds, molecules 
and atoms on the surface such as etching, chemical reactions and mechanical 
finishing polishing or cutting. Second group is surface coating including grafting, non-
covalent and covalent coating and thin film deposition [152, 153]. Tribological 
specifications between a soft tissue and textured hard surface are highly associated 
with the size, density, and orientation of the micro-features. The mentioned 
characteristics change cell attachment and adhesion so they affect tribological 
property [154]. Micro-rough surfaces allow early better adhesion of mineral ions or 
atoms, biomolecules, and cells, form firmer fixation of bone or connective tissue by 
reason of increasing contact area between implant and living tissues. This 
phenomenon result in thinner tissue-reaction-layer with inflammatory cells 
decreased or absent, and prevent microorganism adhesion and plaque accumulation, 
when compared with the smooth surfaces [155]. Moreover, choosing suitable cutting 
conditions lead to decreasing vibrations in cutting tool and workpiece and 
subsequently lower surface roughness and defects during machining operations [117, 
156-160]. 
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 Ti-Based Alloys 
During machining of titanium alloys, the microstructure of the sub-surface of the bulk 
material is altered due to plastic deformations and white layer formation. Because of 
high mechanical and thermal loads on the workpiece in the machining process, work 
hardening is occurring and the surface and immediate sub-surface of the material 
becomes harder [161]. By Cr-N coating of specimens, surface characteristics and 
roughness, durability and lubricity of Ti–6Al–4V alloy has been improved. The reason 
is related to depositing Cr and N atoms on the free gaps of the specimen surfaces and 
making stronger atomic bonds. In contact area the maximum amount of friction 
coefficient must be less than 0.15 to decrease friction force and wear. Figure 2-9 
illustrates friction coefficient for different coating and non-coating samples on 
lubricant test. In finishing and semi finishing dry milling of Ti-Based alloys, using 
uncoated tool made of carbide (WC–Ti/Ta/Nb–Co) and multilayer chemical vapor 
deposition (CVD)-coated alloyed carbide (WC–Ti/Ta/Nb–Co+TiN/TiC/TiCN) has the 
same results on surface quality. This can be related to the delamination of coated 
layers at high pressure and elevated temperature [162, 163].  
 
Figure 2-9 Coefficient of friction for coated and uncoated material under lubricated test 
conditions [162, 163] 
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Titanium modification is divided into mechanical, chemical and physical methods 
according to the formation mechanism of the modified layer on the surface of 
titanium and its alloys. Nanoscale modification of titanium implants can alter cellular 
and tissue responses, which is useful for dental implant therapy. A modified surface 
structure like honeycomb geometry was found to be a promising surface micro 
pattern. In both nanoscale and honeycomb structures cell attachment improves due 
to increasing contact surfaces. [164-166]. Also, modifying titanium oxide formation 
due to increasing hardness led to controlling the implants morphology, surface 
roughness, formation of some compounds that facilitate the wetting and the physical 
chemistry properties of surface [167].  Biomaterial surface roughness impact on 
human tissue is one of the most important subjects in the machining process. Studies 
have shown that human bone marrow cells can detect changes in surface roughness 
of 0.6 microns also implant roughness plays an important role in cells and proteins 
absorption [168]. This research proved that chemical composition and roughness 
play a predominant role in tissue response. The reason is related to chemical bond 
that is highly related to chemical composition and cell growth is associated with 
contact surfaces of implant and cells. In rough surfaces contact area increase, but in 
very rough surfaces crest and valleys prevent to full contact from cells and therefore 
cell attachment declined [169, 170].  Also, surface roughness and implant chemistry 
characteristics are significant factors in the bone response to the oxidized implants 
and mutual force effects between implant and bones. The reason is changing 
roughness, leads to change in growth surfaces and subsequently contact forces will 
be changed. Indeed, chemical bond of bone and implant is highly relied on chemical 
composition of implant and affects mutual forces [171, 172]. Experimentations on 
zirconia and titanium implant materials illustrate that cell proliferation is occurring 
around Ti and proved biocompatibility of this metal, indeed roughness, can strongly 
disturb the relationships between cell proliferation and surface free energy. Surface 
energy is described the value of disruption of intermolecular bonds so in very rough 
surfaces cell proliferation reduced [173, 174]. A study on the proliferation of Saos-2 
cells and MG-63 cells on finished and rough titanium surfaces has shown that the 
MG-63 cells, grew more rapidly on rough surface titanium, while the Saos-2 cells grew 
more on machined titanium than a rough titanium surface. The reason for this 
phenomenon can be attributed to the shape of these two cells. MG-63 is wider with 
 
 
61 
 
lenticular shape and has more arms so this cell attaches to rougher implant, while 
Saos-2 has lamellar shape that cannot attach properly to rough surfaces [175]. 
Brandao et al. [176] studied the effects of different cooling systems on the surface 
roughness of titanium Ti-6AL-4V by using two depths of cut, two feed rates, new and 
worn tools, and three cooling systems as input parameters. Their results proved that 
although all of the input parameters have a direct impact on the surface roughness, 
the most important factor is feed rate. Increasing feed rate highly impacts on 
increasing cutting forces tool deflection and vibration and subsequently surface 
quality. Also, in the machining of the Ti-Based biomaterial correlation between 
surface peak parameters (Rq, Rz, Rmax) and removal torque was detected and further 
investigations on material removal rate illustrate that acid etching has the best 
surface roughness followed by the machining, sandblasting and anodizing processes 
[177] (Table 2-1). Low cutting forces on acid etching operation produce better surface 
because during dislodging particles higher forces lead to deterioration of other 
particles that stick together.  
Table 2-1 mean value ± SD of titanium cylinder surface roughness parameters [177] 
Group Ra (μm) Rq (μm) Rz (μm) 
machined 0.65±0.11 0.81±0.17 6.09±0.37 
acid etched 0.51±0.10 0.71±0.07 5.09±0.46 
sandblasted 0.75±0.05 0.98±0.04 5.55±0.21 
anodized 0.87±0.14 1.12±0.18 5.14±0.69 
 Mg-Based Alloys 
The high-speed dry milling on Mg-Based biomaterials has shown surface integrity 
after machining is characterized by low roughness, highly compressive residual stress 
and increased microhardness without impressive changing on phase. In Mg-Ca 
machining rough surfaces showed an irregular degradation with a high degree of 
resorption therefore, in this operation cutting conditions must be controlled to 
prevent tool wear, rough surfaces and increasing cell adherence and biocompatibility 
[178, 179]. The machining of Mg-Ca biomaterials proved that the microstructure, 
including grain size remains stable after burnishing operation. The machined 
surfaces, due to thermal effects and high cutting force, are harder than the burnished 
ones down to the deep subsurface around 200 μm because dislocation density and 
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the thickness of near surface deformation layers increased. In the machining of Mg-
Ca, subsurface characteristics, such as residual stresses, are highly compressive 
especially at low burnishing pressure. Also, due to changing dislocation density the 
subsurface has a strong correlation on corrosion. Machining of Mg-Ca lead to 
increasing corrosion resistance in terms of increasing dislocation density but using 
low unsuitable cutting condition result in cracks and decreasing resistance against 
pitting corrosion [180, 181]. Cryogenic machining of Mg-Based biomaterial improved 
surface finish refinement from 12 μm to 31nm in the featureless surface layer, 
increased tool life and the surface hardness of the process increased up to 87% 
compared to the initial values. In this operation friction and thermal stresses 
decreased so tool life and machining surface improved [182, 183].   
 Stainless Steels 
Surface detection of 316L stainless steel samples after polishing treatment 
demonstrated improved resistance against corrosion. High quality surface properties 
can be obtained with magnetoelectropolishing, electropolishing and mechanical 
polishing because of low cutting forces which led to disappearing cracks and residual 
stresses [184].  
 Co-Cr-Based Alloys 
On grinding CoCr-Based biomaterial using a #8000 wheel found that the surface 
roughness of 7 nm is obtainable. Furthermore, in this process superior surface 
hardness and biocompatibility can be attributed to the quality of surface roughness 
and using a cutting fluid [123]. Enriching Co by tantalum and modifying the surface 
led to an increase in biocompatibility and lower toxic metal ion release so this alloy 
is suitable for biofabrication such as prosthetic hip and knee [185].  
 Ceramics 
The surface roughness modelling of bio-ceramics in machining process proved that 
the increasing feed rate led to increasing vibrations and roughness. Also, in the 
machining of complex ceramic surfaces, the grinding kinematics (cutting conditions) 
are effective parameter to change surface roughness and cell attachment. Therefore, 
vibration, feed rate and process kinematic can change biocompatibility by changing 
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surface roughness [186, 187]. In the machining of ceramic biomaterials surface 
roughness, porosity, residual stresses, surface and bulk defects are pertinent 
parameters to determine the strength and crystalline phases. Optimizing cutting 
conditions result in enhancing above characteristics thus the quality of produced 
samples improved  [188, 189]. A study of the surface roughness in end milling of bone 
making HA bio-ceramics has shown that the optimization of cutting parameters such 
as feed rate, cutting speed and depth of cut led to a minimum roughness of 0.64 μm. 
Feed rate had the highest impact on cutting force, temperature, vibration, tool 
deflection, surface roughness and subsequently cell growth, attachment and 
biocompatibility are highly related to this parameter [190]. Experiments on the 
surface characterization of two zirconia based dental materials (Zinelis and Thomas) 
showed that the surface chemistry, structure and roughness of the implants had 
significant differences, although both were based on the same composition and 
received similar surface treatments. “The differences found in the extent of carbon 
contamination, residual alumina content, tetragonal to monoclinic ZrO2 phase 
transformation and 3D-roughness parameters may contribute to a substantial 
differentiation in the cellular and tissue response” [191]. 
 Other Materials 
The study of the effect of Ni-Cr surface roughness on biocompatibility of living tissues 
revealed that this dental alloy had the potential to modify the cell density, cell 
morphology, metabolic activity and cellular toxicity levels by improving surface 
enhancement operation such as polishing. Also minimum chromium content (16–
27%), improved formation of oxide layers to protect surface and therefore increase 
corrosion resistance [192, 193].  
 Cutting fluids 
Using cutting fluids in the machining of biomaterials results in reduced friction, 
affecting tools and workpieces, chattering and chip temperature and subsequently 
preventing welding or adhesion at the contact surfaces, that causes a “built-up edge” 
on the tool and washing away chips and the reduction of corrosion [28-30, 194]. 
Cutting fluids fall into basic types such as oil-Based, water-Based and gas-Based. Each 
category contains some different substances that are shown in Figure 2-10. In the 
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selection of cutting fluids factors like specific manufacturing processes, workpiece 
and tool materials, processing parameters, compatibility of the fluid with the tool, 
surface preparation, method of applying the fluid, removal and contaminating of the 
fluid and costs play an important role [29, 31-34].  
 
Figure 2-10 Biomaterial Cutting Fluids [33] 
 Ti-Based Alloys 
Titanium has low thermal conductivity (lowest in metals) and is hard to machine so 
during the machining of titanium cutting fluid plays a prominent role for increasing 
tool life and surface quality. Extreme pressure, mineral oil, chemical and synthetic 
coolant fluid have been used for the machining of Ti-Based biomaterial to decrease 
the cutting temperature and tool wear. Furthermore, in the dry machining of this 
material localized flank wear is the dominant tool failure and brittle fracture of the 
cutting edge is observed [31, 195, 196]. Indeed, CO2 and liquid nitrogen are used for 
the machining of titanium biomaterials using diamond tools. These cutting fluids 
decrease thermal shocks and prevent cracks and fractures on the surface of cutting 
tools. In the machining of TA48 titanium the best tool is polycrystalline diamond 
compared with polycrystalline CBN and TiC/TiN/TiCN coated tools. The chemical 
reaction between carbon and titanium protects the tool against abrasion, decrease 
diffusion and finally increased tool life by making protective layers [197].  
 Mg-Based Alloys 
Gas-Based fluid and light mineral oil of low acid content is normally used for the 
machining of magnesium biomaterial. Water-Based fluids should not be used on 
magnesium because of the danger of releasing hydrogen caused by the reaction of 
the chips with water. Proprietary water-soluble oil emulsions containing inhibitors 
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that reduce the rate of hydrogen generation is the best substance for machining of 
magnesium biomaterials [195]. 
 Stainless Steels 
For the machining of stainless steels by turning and milling soluble oil mixed to a 
consistency of 1 part oil to 5 parts water is recommended. It has been proved that 
mineral oil-Based and vegetable oil-Based coolant fluid has the same operation level 
for the machining of steels [31, 198]. In machining stainless steels direct liquid 
nitrogen was employed to avoid heat generation in cutting shear zones [199]. 
Vegetable oil-Based coolant fluid, especially sun flower and canola based, have 
superior properties over the dry machining of stainless steel biomaterials. Canola 
cutting fluid with 8% additive has a negative effect on tool life, but has the minimum 
surface roughness and using sunflower cutting fluid with 8% additive led to increased 
tool life in the machining of bio stainless steels [200-203].  
 Co-Based Alloys 
Due to  high specific heat, high thermal conductivity and high vaporization of water 
miscible oil is recommended for the machining of cobalt and nickel-Based 
biomaterials  [33].  
 Ceramics 
Generally for the machining of ceramic biomaterials using coolant fluid is not 
necessary, but gas-Based coolant fluids are used for machining ceramics. Soluble oil-
water emulsions cutting fluid are used during machining  process with cemented WC 
tools [204]. 
 Other Biomaterials 
For the machining of Cu and Al alloys straight soluble oil and mineral oil are the best 
cutting fluid that reduce cutting zone temperature and prevent build-up edges [195].   
 Cutting tools in the machining of biomaterials  
In the machining of biomaterials the cutting tool selection plays the dominant role 
affecting surface quality and mechanical properties of specimens. Thus cutting tools, 
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modifying in design geometries and material and coating with hard materials such as 
TiC, TiN and TiC-N are the subject of some researches [56, 81, 205-210]. Also, using 
different cutting tools in the machining of the specific workpiece material 
compensates unsuitable cutting conditions [211].  
 High speed tool steels 
The high speed steels are divided into two series containing the T series, which is 
based on W (with no Mo), and the M series which substitutes Mo. These materials 
have high resistance to fracture with 67HRC hardness so they are suitable for 
machining of biomaterials such as Ti and stainless steels through heating to high 
temperatures (around 11500 to 1250°C). The alloys are composed of 4% to 4.52% Cr, 
0.75% to 1.5% C, 10% and 20% W and Mo; they can also have 5% and 12% V and Co 
respectively which is shown in Table 2-2. They are strengthened enough for the 
machining of hard materials like biomaterials [28, 31, 212]. 
Table 2-2 sample compositions of some high speed steels [212] 
Grade 
Composition (WT. %, balance FE) 
C Cr W Mo V Co 
T1 0.75 4 18 - 1 - 
M2 0.85 4 6.5 5 2 - 
T6 0.8 4 20.5 - 1.5 12 
T15 1.5 4.5 13 - 5 5 
M42 1.05 4 1.5 9.5 1 8 
 
 Powder metallurgy high speed tool steels 
Powder metallurgy high speed tool steel is utilized for milling, turning, reaming, 
broaching and drilling processes due to its high manufacturing characteristics and 
increases tool life and refines carbide distribution. Powder metallurgy with at least 
5% vanadium content improves wear resistance, non-uniform microstructure, 
hardness uniformity in heat treatment and tool life so they are highly valued for the 
machining of bio and hard to machine materials [213, 214]. 
 Cast cobalt alloys 
Cast cobalt alloys are other materials that are used for the machining of biomaterial. 
These alloys retain their hardness with machining temperature compared to the 
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carbon and high speed steels. Cast cobalt alloys that are reinforced by chromium and 
tungsten have a high capacity for HSM. They are now utilized for high speed and high 
feed rate machining applications by as much as twice the rate possible with high 
speed steels the composition of this alloy is shown in Table 2-3. Also, because of their 
hardness 58-64 HRC these materials are highly resistant against wear and so they can 
be ideal material for machining of biomaterials. [28, 31, 213].   
Table 2-3 Cast Cobalt alloy composition [213] 
Element 
Alloy 
Tantung G, % Tantung 144, % 
Cobalt 42-47 40-45 
Chromium 27-32 25-30 
Tungsten 14-19 16-21 
Carbon 2-4 2-4 
Tantalum or niobium 2-7 3-8 
Manganese 1-3 1-3 
Iron 2-5 2-5 
Nickel 7(a) 7(a) 
 
 Cemented carbides 
“Cermet and cemented carbide cutting tools consist of hard carbide (or carbo-nitride) 
grains, bonded or cemented together by up to around 20% by nickel or cobalt, with 
minor additions of other metals (such as molybdenum or chromium)”. Cemented 
carbides which are used for biomaterial machining are divided in 9 main categories 
that are TiC (3000HV), VC (2900HV), ZrC (2700HV), HfC (2600HV), WC (2200HV), NbC 
(2000HV), TaC (1800HV), Mo2C (1500HV) and Cr3C2 (1400HV)  [212, 213]. 
 Cermets 
Cermets are a group of powder metallurgy products consisting of ceramic particles 
bonded with a metal. The metallic component bears ductility and thermal shock, 
whereas the ceramic component of cermets provides high heat hardness and 
oxidation resistance. Also, cermet materials that are used for cutting tools are divided 
into: WC+Co, WC/TiC/TaC+Co, TiC + Ni, TiCN + Ni/Mo, Al2O3 + TiC. 
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Titanium carbide/carbonitride is very popular for producing cutting tools and 
tungsten carbide based materials are named cemented carbides that are superior 
properties for machining of Ti-Based biomaterial [28, 213]. 
 Ceramics 
The most modern material for machining processes, especially high speed finishing, 
and high removal rate machining of difficult to machine material, is ceramic. The 
combination of boride or carbide and metallic oxide has been called ceramic. This 
material is well known for its strong resistance against high temperatures and they 
are produced based on alumina or silicon nitride. Other ceramic cutting tools are 
zirconia, chromium oxide, magnesia and titanium carbide. Because of their hardness, 
heat strength and corrosion resistance they are frequently used in the application of 
biomaterials. [213, 214] Table 2-4 illustrates ceramic cutting tool hardness.  
Table 2-4 Room temperature hardness of ceramic and WC tool materials [213] 
Tool material 
Hardness 
HRA 
AL2O3 93-94 
AL2O3-ZrO2 93-94 
AL2O3-TiC 94-95 
AL2O3-SiC 94-95 
Si3N4 92-94 
Si-AION 93-95 
WC-Co alloys 91-93 
 Ultra-hard, super-hard materials 
An ultra-hard or super hard tool material has numerous usages in industry and for 
commercialization. The most common super hard cutting tool materials are 
diamonds and CBN that are similar in terms of structure and high rates of thermal 
conductivity. Diamond is a form of carbon and is the hardest substance with 98HRC 
[28, 31].  CBNs are more resistant against air oxidation in normal temperatures. 
Materials such as copper alloys, carbon fibre composites, tungsten carbide, and some 
biomaterials like aluminium alloys, polyether ether ketone (PEEKs) and green 
ceramics have been machined by diamonds. On the other hand, CBN is used for 
machining other biomaterials like steels, hardfacing alloys, cast iron and surface 
hardened iron [213]. Adding aluminium to CBN tools in the machining of cast iron 
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produces a harder protective layer of aluminium oxide and protects the tool [214]. 
Chemical reactions between workpiece and CBN tools binders result in a decline in 
tool strength. Using CBN tools in the machining of titanium showed that TiC or cobalt 
increases operation proficiency. Also, in the machining of Ti-Based alloy using CBN 
tools, increasing temperature have a direct correlation with chemical reactions 
between the tool and the workpiece and lead to excessive tool wear [215]. Figure 2-
11 shows cutting forces (Fc, cutting force, Ft, thrust force and Fz, feed force) for 
different coated tools versus uncoated WC cutting tool [64]. 
 
Figure 2-11 Cutting forces for different coated and uncoated tools [64] 
 In order to improve the machinability of hard biomaterials using amorphous material 
such as diamond-like carbon (DLC) coating, polycrystalline cubic boron nitride (PCBN) 
tools with 90% and 50% CBN ceramic tools respectively; aluminum oxide, titanium 
carbide and silicon carbide are recommended [216, 217]. The net shape 
manufacturing of green alumina and ceramic via machining showed by using a 
diamond embedded tool in net shape manufacturing of green alumina (dental crown) 
the performance and efficiency increased [218]. The reason can be attributed to 
diamond hardness as well as strong covalent bonds and low phonon scattering for 
diamond that cause good heat conductivity. Figure 2-12 shows the hardness of 
cutters in machining of biomaterials. 
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Figure 2-12 Biomaterial cutting tool hardness [219]  
 Conclusion 
In this paper biomaterials, which have machining capability in the traditional 
machining process, have been reviewed and classified into six sub-groups that are Ti-
Based alloys, Mg-Based alloys, stainless steels, Co-Based alloys, ceramics and other 
biomaterials.  
The machining of titanium biomaterials shows the efficiency of this operation due to, 
high chemical reactivity with cutting tool, low Young's modulus, low thermal 
conductivity and small chip size is lower than stainless steels and ceramics but it can 
be compensated by selecting proper cutting tools, fluid and machining strategy. 
However, CP-Ti and Ti-6Al-4V have better machinability than Co-Cr. Machining of 
titanium alloys produces some hazardous nanoparticles (from workpiece 
evaporation) that for decreasing it HSM is suggested, however in this condition 
increasing temperature to 3000C leads to excessive tool wear. 
For decreasing cutting temperature and increasing tool life, free titanium machining 
and high pressure coolant is recommended. Also, the machinability of titanium is 
improved by adding silver while copper has a negative effect on it, but in grinding Ti-
6AL-4V adding Nb, Mo, Cr, Fe, 10% Cu or (20% Ag and 5% Cu) increase grindability. 
Ti–40Zr, Ti–10Zr–5Cr, Ti–10Cr, Ti-20Cr-X alloy X (X = Nb, Mo, Zr or Fe) Ti–5Cr, Ti–5Cr–
0.1Fe, Ti–5Cr–0.5Fe and Ti–5Cr–1Fe have high grind rates compared to CP-Ti. 
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The machining of Mg-Based alloy biomaterials proved that Mg-Ca0.8 has a better rate 
of machinability and adding 2% Al to AZ series cast Mg alloys results in increasing 
machinability. 
In machining of stainless steel biomaterials tool life is highly dependent on cutting 
parameters and surface quality and machinability have a direct relation to tool 
selection (number and paths). Stainless steels biomaterials are more difficult to 
machine and need more power than low/middle/high-carbon steels due to their high 
work hardenability. In addition, the non-free machining steels produce long, stringy 
chips, which reduce the tool wear and martensitic stainless steels have low 
machinability due to existing chromium carbides. In this material strength and 
hardness increased by carbon and nitrogen, which however, cause poorer 
machinability. 
Co-Based alloys biomaterial machining demonstrated that these materials are hard 
to machine due to low thermal conductivity, a high shear strength and a high work 
hardening. Using diamond coated tools exhibited increasing tool life, decreasing 
cutting force and friction in the milling of Co-Cr-Mo dental alloys also high surface 
quality (7 nm), superior surface hardness, biocompatibility and machinability are 
achievable in Co-Cr grinding by increasing cutting speed.  
The machining of ceramics biomaterial illustrates that texture, thermal damage and 
vibration in the machining of ceramics cause a decrease in system efficiency. 
Likewise, green ceramics, IPS Empress 2 framework, sintered alumina compacts and 
nano-crystalline HA bio-ceramics have superior machinability. 
In addition, the machining of zirconia illustrates that tool wear and machinability is 
related to adhesion of the workpiece. Nacre machining capability, has a dominant 
characteristic that allows manufacturers to use it in bio-applications. Adding calcium 
pyrophosphate leads to increasing hardness and improved biocompatibility of Ti-Nb-
Mo. Using coated tools decreases friction, increases tool life and operating efficiency.  
Future work will be directed toward investigating the machining properties of 
biomaterials and the relation of the machining conditions on surface quality and 
biocompatibility. Analyzing the effect of using different machining conditions on 
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dimensional deviations and surface quality are the subject for further research. The 
modelling of cutting temperature, especially on wet machining needs more 
attention. Also, there is a lack of research on the machinability of platinum, iron-
manganese, gold, Co-Cr and tantalum. Comparing the machinability of biomaterials 
that are produced from different production processes such as casting, powder 
metallurgy; 3D printing and so on is another topic that needs further attention.  
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Abstract 
Ti and Ti-Based alloys have unique properties such as high strength, low density and 
excellent corrosion resistance.  These properties are essential for the manufacture of 
lightweight and high strength components for biomedical applications. In this paper, 
Ti properties such as metallurgy, mechanical properties, surface modification, 
corrosion resistance, biocompatibility and osseointegration in biomedical 
applications have been discussed. This paper also analyses the advantages and 
disadvantages of various Ti manufacturing processes for biomedical applications such 
as casting, powder metallurgy, cold and hot working, machining, laser engineering 
net shaping, superplastic forming, forging and ring rolling. The contributions of this 
research are twofold, firstly scrutinizing the behaviour of Ti and Ti-Based alloys in-
vivo and in-vitro experiments in biomedical applications to determine the factors 
leading to failure, and secondly strategies to achieve desired properties essential to 
improving the quality of patient outcomes after receiving surgical implants. Future 
research will be directed toward manufacturing of Ti for medical applications by 
improving the production process, for example using optimal design approaches in 
additive manufacturing and investigating alloys containing other materials in order 
to obtain better medical and mechanical characteristics.  
Keywords 
 Biocompatibility, Bioimplants fabrication, Mechanical properties, Osseointegration, 
Ti-Based biomaterial 
 Introduction 
After the first summit held on biomaterials at Clemson University, in the USA in 1969 
biomaterials was introduced to the scientific society and received significant 
attention due to the potential for increasing people’s health.  For example, total hip 
replacement is recommended for people who have medical issues related to 
excessive wear of the acetabular, osteoarthritis, accident or age. Researches have 
shown that about 230000 total hip arthroplasty (orthopedic surgery where the 
articular surface of a musculoskeletal joint is replaced, remodelled, or realigned) have 
been carried out annually in the USA and will increase in next few decades [1, 2]. Due 
 
 
90 
 
to some phenomena such as an absence of biological self-healing process, wear or 
excessive loading, degeneration occurs in human joints. It was reported that the 
number of people who suffer from these problems from 2002 to 2010 increased 
seven times. Based on Kutz’s et al. [3] research in 2007 it was estimated that the 
demand of the hip and knee that are made by Co and Ti-Based alloys will increase 
174% (57200 operations) and 673% (3.48 billon operations) respectively by the end 
of 2030. 
Artificial materials contain metals, ceramics, composites, polymers or natural 
materials which are used in the making of implants, structures or joints to replace the 
missing or diseased biological parts are called biomaterials. The use of biomaterials 
in these engineering and medical applications results in improved quality of human 
life as well as increased longevity. Biomaterials are used as various parts of the human 
body such as a stents in blood vessels, artificial knees, hips, elbows, dental 
applications, shoulders and valves in the heart. Figure 3-1 shows the demands of 
market for prosthetic joints made by Ti and Co-Based alloys in 2012 for Australia [4-
10]. Due to the deterioration of body parts by increasing human age the demand of 
using bioimplants has increased dramatically [11].  
 
Figure 3-1 Number of demand for prosthetic bioimplants in Australia in 2012 [12] 
Metal biomaterials are extensively used in medical applications due to their high 
strength and corrosion resistance; in addition stainless steel, Ti, magnesium and Co-
Based alloys have superior biomedical properties among other metal biomaterials. Ti 
and Ti-Based alloys have excellent characteristics such as biocompatibility, 
osseointegration, high wear and corrosion resistance, low compatibility issues and 
high strength, thus recent attentions have been directed towards the development 
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of these materials. Table 3-1 illustrates the properties of Ti among other light metals 
that are used in biomedical applications, it can be seen Ti has a high elastic modulus, 
melting and boiling point. The demand of using biomaterials is associated with 
different parameters, such as elasticity modulus, so alloys with higher strength have 
more usage in biomedical applications. Figure 3-2 shows the most common Ti and Ti-
Based alloys that are used in biomedical application and their associated elasticity 
modulus [11, 13-17].  
Table 3-1 Physical properties of light metals used as biomaterials [18] 
Element 
Properties 
Aluminium Magnesium Titanium 
Melting Point C0 660 650 1678 
Boiling Point C0 2520 1090 3289 
Density g cm-3 2.700 1.740 4.512 
Elastic Modulus GPa 70 45 120 
Thermal Conductivity Wm-1k-1 238 156 26 
Hardness HBW 160 44 716 
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Figure 3-2 Common Ti-Based biomaterial elasticity modulus [4, 11, 13-18] 
Ti alloys especially in the α+β phase are used extensively in the human body due to 
their non-toxic and low allergenic properties, these give rise to a higher level of 
biocompatibility. Super elasticity and shape memory are also increasingly important 
characteristics not only in bio-applications, but also in different industries such as 
automotive and aerospace. Super elastic properties and shape memory of Ti are 
complicated, and therefore is fertile ground for research [19-27]. Elements such as 
Nb, Mo, Sn, Ta and Zr are selected as the safest alloying metals in order to adjust 
properties of the biomaterial and maintain its suitability for implantation. There are 
26 groups of Ti alloys that are used in biomedical application which are listed below: 
Ti, Ti-Al-B, Ti-Al-Nb, Ti-Al-Nb-Ta, Ti-Al-V, Ti–Fe–Ta, Ti–Mo, Ti–Mo–Al, Ti–Mo–Ga, Ti–
Mo–Ge, Ti-Mo-Nb, Ti–Mo–Nb–Si, Ti–Mo–Zr–Al,  Ti–Mo–Zr–Fe, Ti–Mo–Zr–Sn, Ti–Nb–
Hf,  Ti–Nb–Sn,  Ti–Nb–Ta–Mo, Ti–Nb–Ta–Sn, Ti–Nb–Ta–Zr,  Ti–Nb–Zr,  Ti–Sn–Nb–Ta,  
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Ti–Ta,  Ti–Ta–Zr,  Ti–Zr, Ni-Ti [5, 11, 28-31]. Among these groups only Ti–6Al–4V ELI 
and Ti–6Al–7Nb have been standardized for biomaterials in ASTM [32]. 
As almost all of Ti-Based biomaterials that are used today for biomedical applications 
follow the (ISO 5832) standards that are listed as: (ISO 5832-2) unalloyed Ti, (ISO 
5832-3) wrought Ti–6Al–4V alloy, (ISO 5832-11) wrought Ti-6Al-7Nb alloy, (ISO 5832-
14) wrought Ti–15Mo–5Zr–3Al alloy. Furthermore, Ti has made a great contribution 
in dental applications such as removable prostheses, maxilla facial prostheses and 
implant supporting material due to superior biocompatibility, light weight, high wear 
resistance and the ability to manufacture implants with a high accuracy in order to fit 
with teeth and jaw bones [33-36].  
The paper is divided into two main parts. The first deals with properties such as 
metallurgical and mechanical characteristics together with a discussion of fabrication 
processes and reviewing their respective advantages and disadvantages. The latter, 
deals with surface modification to improve the quality of producing implants and 
corrosion of Ti implants and also medical aspects such as cell attachment, 
osseointegration, osteoconduction and biocompatibility and different factors which 
affect these characteristics as well as leading factors to the failure of implants.  The 
horizon of prospective future work to enhance the durability and quality of producing 
implants is discussed in the final section. 
 Ti-Based bio-composites 
Tissue attachment to biomaterials is divided into four groups including; nearly inert, 
porous, bioactive and resorbable. Metal biomaterials fall into “nearly inert category” 
and consequently in recent years work has been conducted to improve 
biocompatibility and cell attachment bio-composite materials. Table 3-2 illustrates 
mechanical properties of materials used for bio-composites [37].  
Table 3-2 Mechanical properties of materials used in bio-composite fabrication 
Property Bulk HA TiO2 ZrO2 Polyether 
ether ketone 
(PEEK) 
Polycaprolactone 
(PCL) 
Density g/cm3 3.16 4.23 6.08 1.26-1.41 1.09-1.2 
Compressive 
strength Mpa 
500-1000 NA 7500 80-120 NA 
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Tensile strength 
Mpa 
78-196 NA 420 70-208 20.7-34.4 
Flexural strength 
Mpa 
115-200 NA 1000 3700 NA 
Young’s modulus 
Gpa 
11-117 230 150-200 3.9-13 0.34 
Poisson ratio 0.27 0.27 0.30 0.38-0.43 NA 
Elongation at break 
% 
3-4 NA NA 1.3-5.0 700 
Fracture toughness 
Mpa.m0.5 
1 3.2 7-15 2.3-2.5 NA 
Brinell hardness 
HBW 
300-700 880 1000-
3000 
21.7 NA 
Knoop 
Microhardness 
430 NA 1200 NA NA 
Coefficient of 
thermal expansion 
10-6.k-1 
NA 9 10-12 161-669 NA 
Thermal 
conductivity W/mk 
NA 6.5-
12 
2-2.5 0.25-0.92 NA 
Tmelting C 1550 1640 2400 335-343 58-63 
Tglass NA NA NA 137-152 60 
NA: Not available,  
Among other bio composites hydroxyapatite (HA) coating has been widely 
investigated because its direct chemical bond with bone that is related to 
biocompatible mineral component and its synthetic form. HA/Ti-6Al-4V coating is one 
of the most common bio-composites that provides mechanical strength and 
toughness while improving the biocompatibility of the produced bio-composites 
because of its similarity to the chemical composition of bone [38-42]. The crystal of 
HA has a hexagonal structure which is stable in body fluid. Different methods to 
produce HA are used which will be discussed in the section 9.   
 Metallurgy of Ti-Based alloys in biomedical applications 
Ti alloys are classified into three simple types which contain; α, β and α+β, some 
elements are dissolved preferentially in α phase such as Zr, Al, Sn, O and Si raising in 
α+β phase. The addition of these elements results in modulation of the alloy 
properties, such as hardening and tensile strength improvement. Oxygen plays a 
dominant role controlling the range of strength for several grades which are called 
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CP-Ti. β phase stabilizes Ti alloys, these are suitable for biomedical application 
because of their low modulus (which is below that of the α and α+β phase and near 
human femoral bone) and high specific strength [43]. 
Some elements stabilize the β phase and depress the α+β phase, these fall into 2 
groups: β eutectoid and β isomorphous. Hydrogen molybdenum, tungsten and 
vanadium stabilize the β phase while oxygen, nitrogen and carbon promote the α 
phase [18, 44].  
Fully α alloys have some limitations in their strength characteristics due to existing 
reactions that occur at high temperatures notably, in hot forming. These difficulties 
led to more investigations concerning the α+β phase. This phase contains α with a 
minimum of 5% β-stabilizing elements, the most commonly used Ti alloy in industry 
is Ti-6Al-4V which falls in this classification [45, 46]. Table 3-3 illustrates the phases 
of important Ti-Based biomaterials.  
Table 3-3 Different phases of commercial Ti-Based alloys in biofabrication [11, 30, 47] 
 
 Hardness of Ti-Based alloys in biomedical applications 
Hardness and work hardening play prominent roles in biomaterial implants due to 
increasing resistance against wear and corrosive effects of body fluids. Machining 
processes such as milling and drilling result in undesirable work hardening in Ti and 
Ti-Based alloys and although these operations increase the hardness, due to an 
unwanted mechanism it has a negative effect on the quality of final productions [48]. 
Investigations involving implanting Ti alloys in rabbits illustrated that the hardness 
and fracture toughness of Ti–5Al–2.5Fe and Ti–6Al–4V ELI were not changed before 
Ti and its alloys Type of 
alloy 
Ti and its alloys Type of 
alloy CP-Ti-1 α Ti-15Zr-4Nb-2Ta-
0.2Pd 
α+β 
CP-Ti-2 α Ti–5Al–3Mo–4Zr α+β 
CP-Ti-3 α Ti–15Sn–4Nb–2Ta–0.2 
Pd 0.2Pd 
α+β 
CP-Ti-4 α Ti-13Nb-13Zr β 
Ti-3Al-2.5V α Ti–29Nb–13Ta–4.6Zr β 
Ti-6Al-4V ELI α+β Ti-12Mo-6Zr-2Fe β 
Ti-6Al-4V α+β Ti-15Mo β 
Ti-3Al-2.5V α+β Ti-15Mo-5Zr-3Al β 
Ti-5Al-2.5Fe α+β Mo–2.8Nb–0.2Si β 
Ti–5Al–1.5B α+β Ti–16Nb–10Hf β 
Ti-6Al-7Nb α+β Ti–15Mo–3Nb β 
Ti-6Al-2Nb-1Ta α+β Ti–35.3Nb–5.1Ta–7.1Zr β 
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and after 11 months implantation because the microstructure remained unchanged 
[47]. In binary Ti–xTa alloys with increasing Ta content (0–50 wt.% Ta), the 
microhardness initially decreased, then increased, and finally decreased again as the 
percentage was increased. In the case of ternary Ti–20Nb–xTa alloys, as a function of 
increasing Ta content in the range of (0–10 wt.% Ta), the modulus was constant, 
whereas the microhardness initially decreased and subsequently increased. These 
variations occurred due to fluctuations of ternary Ti with α+β phase having a higher 
hardness and lower tensile strength than binary β phase [49, 50]. Using laser 
engineering net-shaping (LEN) for manufacture of Ti–6Al–4V increased the hardness 
and tensile strengths compared to conventional wrought and cast production 
methods because a α ′ hexagonal close-packed (HCP) martensite phase regime was 
produced, this gave rise to hardness variations ranging from HRC 37 to 57, tensile 
strengths ranging from 0.9 to 1.45 GPa and breaking elongation from 14% to 11% [51, 
52]. 
The fatigue elongation of Ti-6Al-4V ELI samples examined at various levels showed 
decreasing trend on high-cycle-fatigue while the tensile strength increased rapidly 
within the low-cycle-fatigue region. Indeed, the hardness gradient increased from the 
surface to the core of the samples, and in the next stages of fatigue the internal 
hardness was equal to the surface hardness. These phenomena occurred because of 
changing dislocation density in the sub-structures of both near and far from the 
surface of fatigued samples. However, during the late stages of low-cycle-fatigue, the 
dislocation density increased rapidly and because it is initially far from the specimen 
surface then led to decreasing surface hardness [32, 53]. Adding 50% zirconium 
enhanced the hardness of Ti-Based biomaterials about 2.5 fold in comparison with 
CP-Ti, tensile strength also showed a similar tendency. In this operation two phase 
structure including a HCP phase and a small amount of bcc phase, caused from 
swaging above the α+β transition temperature, led to a drastic increasing in the 
hardness [54, 55]. Furthermore, amorphous and glassy alloy ribbons revealed a lineal 
increase of hardness value on addition of Pd for instance, in comparison to CP-Ti and 
Ti–6Al–4V alloys which were melt-spun Ti45Zr50-xPdxSi5 glassy alloy ribbons illustrated 
higher hardness and corrosion resistance, good bend ductility and lower Young’s 
modulus [56]. 
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 Elastic modulus, fatigue and strain  
An elastic modulus is a value that measures a materials resistance to being deformed 
elastically. This property is important in biomaterial implants especially after 
surgeries and under loads. Strain measures the deformation of a material under 
different forces and fatigue illustrates the weakening of a material under periodical 
loads, these are both important properties in bioimplants due to load deformation 
during use and the potential fracture and subsequent failure in the short or long term. 
Materials used in biomedical applications must have a high cycle loading and 
strength. This very challenging condition is associated with the aggressive in-vivo 
body environment leads to fatigue failure of metallic, implants [57]. 
Using Ti/hydroxyapatite as a biomaterial composite caused cracks in the composite 
surface coated layer, tensile strength was also much lower than that CP-Ti. 
Modification of this production process led to the fabrication of surfaces without 
cracks, however because hydroxyapatite was much smoother than Ti the value of 
tensile strength decreased. Figure 3-3 (a-b) illustrates that the hydroxyapatite 
material of a composite surface layer at the interface has a uniform shape with 15% 
hydroxyapatite volume fraction Vha. Increasing the Vha to 22% resulted in a non-
uniform distribution and locally stored hydroxyapatite materials which resulted in the 
bond of composite surface-coated layer to the bulk titanium becoming weak. This 
phenomenon occurs due to the degradation of the bridging between the bulk 
titanium and the titanium of the composite surface-coated layer [58].  
 
Figure 3-3 (a) SEM for Vha 15% and (b) Vha 22% coated on Ti [58] (Elsevier licence agreement 
Number: 3686780699799) 
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Aging changed the mechanical properties such as elongation until failure and 
observed microstructure due to phase transformation and deposition of α+β phase 
leading to increasing tensile strength and decreasing elongation than was observed 
in the α phase. The tensile strength and brittleness of Ti–29Nb–13Ta–4.6Zr and Ti–
16Nb–13Ta–4Mo after aging was equivalent to or greater than CP-Ti alloys, this was 
related to phase transformation [13, 59]. In AM of Ti-6Al-4V an increased breaking 
elongation of 6.5%-11% was achieved and the fatigue profile was the same as 
isostatic pressure. In AM annealing improved the breaking elongation due to relieving 
stresses and refining homogeneous structures [60]. Changing the amount of Cr to 3% 
in Ti-5Nb-xCr due to diffusing of α"+α' phase resulted in modification of the elasticity 
modulus. β phase appeared by adding 5% Cr and ω phase was diffused by adding 7% 
Cr which led to increased bending modulus [61]. In a quenched binary Ti-Ta 
microstructure, Young’s modulus and tensile properties were related to the Ta 
content of the alloy. The Ti-Ta alloys showed HCP martensite α' at a value of below 
20% Ta, needle-like orthorhombic martensite α" at 40% Ta, metastable α"+β at above 
60% Ta. These changes influenced mechanical properties such as microstructures, 
Young’s modulus and tensile strength [62] (Figure 3-4). 
 
Figure 3-4 (a) and (b) martensite α' for 10% and 20% Ta with lamellar shape (c) typical 
martensite α" with lenticular shape at Ta 40% (d) equiaxed structure for Ta>60% [62] 
(Elsevier licence agreement Number: 3686780889240) 
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Changing the amount of Fe in Ti–5Nb–xFe biomaterials had different effects on 
mechanical properties. Adding 1% Fe caused retention of the metastable β phase 
while, by adding 4% or more resulted in the β phase being entirely retained in the bcc 
structure. The ω phase appeared by adding 2%, 3% and 4% Fe. The highest bending 
modulus was directly related to the formation of this phase, this was observed in 3% 
Fe while lowest value of ω phase and bending modulus were reported in 2% Fe 
containing alloys. Furthermore, examination on cleavage facets in the fractured 
surface showed that by increasing Fe from 2% to 4% (as it can be seen in Figure 3-5) 
ductility of the material decreases. The cleavage fractures were highly related to the 
diffusion of ω phase by adding 3% and 4% Fe, this indicated an extremely low value 
of bending deflection [63]. Machining resulted in changing of the Ti phases, during 
this phase transformation some intermediate phases such as ω was formed which 
are brittle and hard to machine, resulting in decreased fatigue life of produced parts 
[64]. 
 
Figure 3-5 SEM fractographs of Ti–5Nb–2Fe (a), Ti–5Nb–3Fe (b) and Ti–5Nb–4Fe (c) alloys 
[63] (Elsevier licence agreement Number: 3686781055028) 
The introduction of oxygen and nitrogen caused unity in relative growth of Ti and 
modified it by enhancing microstructure such homogenisation therefore, mechanical 
properties of Ti-Zr were improved by adding these two elements[65]. Ti–24Nb–4Zr–
7.6Sn had a low fatigue resistance compared to Ti–6Al–4V ELI because of the effective 
suppression of micro-plastic deformation by the reversible martensitic 
transformation and low critical stress that was needed to induce the martensitic 
transformation. Suppression of isothermal ω phase in cold rolling balanced 
mechanical properties of Ti–24Nb–4Zr–7.6Sn and decreased Young’s modulus while 
increasing fatigue resistance [66]. SEM observations of Ti-6Al-7Nb and CP-Ti proved 
that a worn surface of Ti–6Al–7Nb alloy was smoother than that of CP-Ti grade 2 and 
3.  This was the result of deposition of Al and Nb on the outer surfaces causing softer 
material, and subsequently a decreased value of hardness [67]. Micrometre-sized 
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dendritic β phase deposited in a nano-crystalline matrix such as Ti-Cu-Ni-Sn-M and 
Ti-10Mo-nNb resulted in a decreased Young’s modulus of the composite, while 
increasing strength and plastic strains when compared to CP-Ti [17, 68]. Studies on 
porous Ti [69] illustrated that the Young’s modulus of these materials with 
approximately 40% porosity was similar to human cortical bone, the rigidity of 
biomaterials from the least to the most was listed as: cortical bone<Ti<Co-
Cr<stainless steels [70]. In LEN optimisation of process parameters for production of 
porous Ti-6Al-4V mechanical properties such as elastic modulus (between 7 and 60 
GPa) and the 0.2% proof strength between 471 and 809 MPa were changed. These 
phenomena occurred due to changes in the porosity and relative density (Figure 3-6) 
[71]. 
 
Figure 3-6 (left) Micrograph of LEN Ti-6Al-4V with 80% relative density (right) with 70 
relative density [71] (Elsevier licence agreement Number: 3686781264173) 
 Surface modifications of Ti-Based biomaterials 
The surface characteristics of implants such as surface chemistry, surface roughness, 
surface potential, surface conductivity and surface energy (hydrophilicity) are very 
important on initial adhesion, cultivation, and growth of bacteria and subsequent cell 
action and response. The mentioned characteristics cause protein adhesion and 
biofilm formation on implants that lead to changes in the biocompatibility and 
ultimate success of the implant [9, 72]. Surface quality is a significant factor in post-
processing of biomaterials such as turning, milling and polishing which has been a 
subject for research in recent years [73-77]. 
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The poor tribological property of the Ti-Based biomaterials can lead to increased 
wear and friction, resulting in a reduction of implant life. Surface modification 
methods such as coating have been suggested to solve these problems. A 
combination of surface characterization methods have been recommended for 
enhancing the quality of the surface from various perspectives and to provide more 
comprehensive information about the biomaterial surface properties. In order to 
modify the surface of Ti-Based materials in biomedical applications plasma spray 
coating, ion implantation, nitriding, carburization and boriding techniques have been 
employed  [78-82]. Ti-N and Ti-C-N were produced either by deposition of N and C on 
the surface with approaches such as physical and chemical vapour deposition (PVD, 
CVD), plasma nitriding and ion nitriding. This surface modification increases the 
resistance of biomaterials to wear and corrosion. Optimization of Ti coating processes 
by using artificial intelligence such as particle swarm optimization and genetic 
algorithms increased the hardness and resistance to corrosion and wear up to 17% 
and consequently, this approach resulted in a marked increase in the life of the 
produced implants [83-86].  
Using plasma immersion ion implantation (PIII) and combination of PIII and plasma 
nitriding (PN) methods improved the surface characteristics of Ti-6Al-4V. Atomic 
force characterization showed that single step up PIII operation had a higher 
efficiency than double process because the sputtering in second process removed the 
implanted layers produced in the first step. The measured values of hardness for both 
processes increased, and this was confirmed by the nitrogen profile measurement 
and auger electron spectroscopy [87]. Plasma nitriding of Ti-6Al-4V samples 
enhanced surface characteristics such as hardness and proved that the hardness of 
nitride layers are highly dependent on the operation time and temperature of these 
modification processes. Nitrogen diffusion caused permanent lattice strain that 
resulted in higher surface compressive residual stress, plasma nitrided samples also 
exhibited lower surface roughness in comparison with un-nitrided samples. Indeed, 
the research proved that nitrided samples had lower friction forces throughout the 
fretting cycles at all stress levels [88, 89].  
Heat treatment, such as annealing, was used to make unique microstructures, for 
example bio-modal.  This resulted in improved surface characteristics in LEN of Ti–
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4Al–1.5Mn. Annealing the α+β phase in different temperatures created bi-modal 
microstructures consisting of coarse crab-claw-like primary α and fine lamellar 
transformed to the β phase. Figure 3-7 shows that the fraction area of the crab-claw 
like primary α drastically reduced with increasing annealing temperatures. The 
impact toughness of the LEN alloys and wrought productions were the same and both 
were highly improved by annealing in α+β regions. This improvement was related to 
the interfaces which were obstacles for crack propagation, contributing to a higher 
impact toughness [90].  
 
Figure 3-7 Microstructure of the LEN Ti–4Al–1.5Mn alloy (a) anneal temperature: (b) 9450 C, 
(c) 9550 C and (d) 9650 C [90] (Elsevier licence agreement Number: 3686781396805) 
Laser nitriding was used for enhancing the microstructure of Ti-13Nb-13Zr alloys, 
including surface roughness and corrosion behaviour. In this process, cracks were not 
found either on the surface or in the vertical cross-section of the samples nitrided in 
both N2 and dilute N2+Ar environments due to enrichment of Zr and Ti in the 
dendrites and improving surface quality. The surface quality was found to be related 
to the amount of nitrogen, corrosion resistance of the laser nitrided samples in 
simulated body fluid (SBF) (Ringer’s solution) was better (as expected) for diluted 
samples [91]. Another methodology investigated for enhancing surface and 
mechanical properties of Ti-Based alloys such as Ti-6Al-4V in biomedical applications 
was low plasticity burnishing (LPB), this procedure was developed as a rapid and 
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inexpensive surface enhancement method. LPB produced a deep layer of 
compression with nominal cold work of the surface, and could be incorporated into 
manufacturing processes. Indeed, these layers had high resistance to thermal shocks 
and overloads and as a result, improved surface characteristics [92]. Oxygen diffusion 
hardening using alpha-tantalum PVD-coatings on titanium improved surface 
characteristics and frictional properties such as residual compressive stress and 
resistance to crack. These could be attributed to (a) a decreasing of preferential 
orientation or an increasing a number of lattice defects that were the results of the 
incorporation of oxygen atoms into the lattice, (b) oxygen dissolved interstitially in 
the tantalum lattice, occupying the octahedral sites, (c) the residual compressive 
stress within the tantalum layer caused by interstitial oxygen or (d) a coherency 
stresses that led to the perfect lattice matching of tantalum and titanium. Therefore, 
surface hardness and frictional properties of Ti improved at least 50% and this 
method could enlarge the field of applications of Ti in orthopaedic implants [93]. 
Indeed, oxidation of the titanium occurred and caused formation of TiO2 on the 
surface layers. Oxygen diffusion then occurred under these layers and thus, surface 
features such as hardening and wear were improved (up to 3 times) as illustrated in 
Figure 3-8. Formation of oxide layers were accompanied by the dissolution of 
diffusing oxygen in the metal that was located beneath the surface layer of TiO2 [94, 
95].  
 
Figure 3-8 Micrographs of wear impacts for (a) untreated and (b) oxidised alloy after 300 
min of testing time [94] (Elsevier licence agreement Number: 3686790034830) 
A diamond like coating (DLC) film on CP-Ti formed a protective layer on material 
surfaces, reducing wear and erosion resulting in increased resistance to deformation 
of the implants. These layers had the same properties as real diamond, including 
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hardness, chemical stability and wear resistance. Thus DLC could be used as a 
protectant and lubricant in high abrasion areas, for instance in centrifugal blood 
pumps or ventricular assist device during heart surgery. Figure 3-9 shows that the 
DLC layers under cyclic loading had much higher resistance when compared with 
those of the non-coated samples. This improvement is related to the hardness of 
diamond deposited on the CP-Ti surfaces [96, 97]. 
 
Figure 3-9 SEM image of titanium implant after cyclic loading (×10 000) (a) a non-coated (b) 
DLC coated [96] (John Wiley licence agreement Number 3686790284385) 
On DLC coated surfaces increasing hydrogen functionalization decreased surface 
energy or hydrophobicity. It has been shown that this hydrogen value is an important 
factor in the biological response of DLC surfaces. The reason was attributed to (a) 
increasing hydrogen caused increasing hydrocarbon bonds. These bonds were 
representative of oil that was hydrophobic in nature, and (b) “Hydrogen could 
influence protein adsorption via electrostatic attraction. It is known that hydrogen 
bonding is the underlying mechanism for hydrophilicity, and the hydrogen atom in 
the liquid phase must be attached to a relatively electronegative element. The key 
chemical components of a C:H bonding were C and H. Although both C and H were 
electronegative, H was less electronegative than C. As a result, surfaces with more H, 
externally appeared to be a weak array of positive charges compared to those with 
less H at the molecular contact distance, arising from surface dipoles as polarized 
covalent bonds”. Macrophage cells were spread well on all DLC surfaces, and the 
surface analysis results showed that the non-toxic nature of the surfaces was 
enhanced, due to increased cell viability. Also, it was proved that increasing surface 
roughness and surface energy improved the macrophage cells viability and the 
albumin: fibrinogen adsorption ratio. [98, 99].  
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 Ti-Based biomaterials corrosion  
Although Ti and Ti-Based biomaterials are resistant to corrosion, this characteristic is 
still important in bio-manufacturing and is currently receiving considerable research 
attention. The major corrosion problems of Ti are; crevice corrosion, pitting 
corrosion, stress-corrosion cracking and corrosion fatigue [100-103]. Fretting 
corrosion of different material couples is related to various factors such as normal 
motion, load and experiment situations [104, 105]. Due to the corrosion inhibiting 
self-healing oxide film (TiO2) Ti is known as a stable metal and has a higher corrosion 
resistance compared to stainless steel and copper. The Ti surface is sensitive to 
oxidizing solutions notably, to chloride ions, however, it is resistant to the 
concentration found in sea water, as well as atmospheric corrosion [18]. On the other 
hand, break down of oxide films due to removal of TiO2 and immersion in highly 
penetrating corrosive solutions can lead to a drastic decrease in corrosion resistance. 
For instance, Ti is easily dissolved by hydrofluoric acid, mainly because this acid 
destroys the TiO2 film on the surface. Generally the α+β and β phases of Ti were 
observed to possess a high corrosion resistance, due to difficulty in initiating cracks 
these Ti alloys are highly resistant to stress corrosion cracking [30, 106]. Indeed, 
crevice corrosion occurred in chloride, fluoride, or sulphate solutions at temperatures 
of 730C which was higher than the human body temperature and thus will not occur 
in implants [107, 108].  
Increasing Mo concentrations in Ti-Mo biomaterials improved corrosion resistance 
due to the deposition of metastable α" phase with a fine acicular martensitic 
morphology. For instance, adding up to 7.5% Mo increased corrosion resistance 
similar to CP-Ti, while up to 15% was lower than CP-Ti because the amount of Mo in 
the outer layers of Ti–7.5Mo was smaller than Ti–15Mo [109]. Alloys containing Mo, 
Zr and 0.2% Pd improved corrosion resistance use in biomedical applications due to 
increasing atom diffusion and subsequently increase in the relative density of near 
surface layers [18]. Micro-abrasion-corrosion tests on the Ti alloy in Hank’s solution 
illustrated that the wear rate was related to the load and corrosion current densities. 
The reason is a tribo-chemical mechanism which occurs at higher loads and the 
interaction between micro abrasion, oxide formation and efficiency of oxide removal 
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in different situations. Also, implantation of carbon into Ti–Mo and thermal oxidation 
led to the formation of Ti and Mo carbides as a protective layers and an increase in 
corrosion resistance [43, 110-112]. In Ti16Nb alloys deposition of Nb around outer 
surface layers and  an increase in relative density led to excellent anti-corrosion 
properties in Hank's solution, which resulted in an alloy with superior corrosion 
resistance than that of CP-Ti [113].  An anodic polarization test using an automatic 
potentiostat in 5% HCL solution proved that Ti–Ta was highly resistant against 
corrosion due to formation of TiO2 passive films which were strengthened by highly 
stable Ta2O5 passive films [114]. In CP-Ti biomaterials increasing fluoride 
concentration destroyed TiO2 protective layers, thus the polarization and corrosion 
resistance decreased [115]. Alloying Ti with Ta (Ti60Ta) resulted in the construction 
of two-layered film structure on the surface and increased corrosion resistance 
compared to Ti-12Mo and CP-Ti moreover, β alloying elements of Ti improved 
corrosion behaviour [116].  
It has been proven that Ti-6Al-4V has high fretting corrosion resistance compared to 
alloying Ti with elements such as Co, Cr, Mo alloys while, CP-Ti has high pitting 
corrosion resistance rate. Ti-Based alloys in α phase had low resistance to stress 
corrosion rate, but will crack in a high level of oxygen because of decreasing the 
hardness. β phase stabilizing elements such as Mo and V improved stress corrosion 
cracking of Ti due to enhancement of a heat treatment capability and subsequently 
improving homogeneity and microstructure [117, 118].  
Heat treatment improved Ti characteristics against corrosion for instance, quenching 
in β phase increased anti stress corrosion properties of Ti compared to α+β phase 
caused by formation acicular microstructure construction. Ageing, quenching and 
plastic deformation enhanced homogeneity and microstructure in β phase, forming 
equiaxial grains. This improved Ti stress corrosion resistance. In contrast, wrought Ti 
production was highly susceptible to accumulation of residual stresses and had low 
stress corrosion resistance [119]. Additionally, producing protective layers by 
combining Ti-Based and other biomaterials such as Co-Cr, stainless steel and Mg-
Based materials resulted in better performance on corrosion fatigue tests. These 
materials were suitable for dental implants which are normally exposed to high 
mechanical loads such as pressure, friction and fatigue [120-123]. Studies on ultra-
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fine grained (UFG)-Ti produced by equal channel angular operation in SBF solution 
illustrated that UFG-Ti had higher corrosion resistance than coarse-grain CP-Ti. The 
reason being that formation of dense corrosion products and appearing Ca, P and Ti 
elements probably formed by the interaction between the TiO2 layers and SBF on the 
surface. Higher corrosion resistance in UFG-Ti was related to the stronger oxide films 
and quicker passivation on the surface [124]. 
Corrosion resistance in SBFs for ion implanted surface of Ti–6Al–4V and Ti–6Al–7Nb 
was enhanced due to the change in the nature and composition of the passive films 
formed after implantation. Formation of precipitates of TiN and Ti2N that 
immobilized underlying titanium atoms, preventing their movement and stabilizing 
the growth of the oxide film led to these improvements [125]. 
Controlling anodic oxidation in the production of bio-composites created uniform 
TiO2 films and improved the bonding strength between HA and Ti substrate. 
Produced TiO2 was a very good support for HA deposition and increasing corrosion 
resistance rate on bio-simulated Fusayama-Mayer salvia solution. HA-Ti composite 
containing 0-10% HA has higher corrosion resistance than CP-TI. Increasing the HA 
value in this composite reduced corrosion resistance due to making crater-like and 
local defects induced by ceramic particle detachment [126, 127]. Electrolyte 
deposition of HA/ZrO2 in ZrO (NO3)2 and subsequent process in the mix of Ca(NO3)2, 
NH4H2PO4 and NaF on Ti substrate showed that ZrO2 buffer layer improved the bond 
strength between substrate and fluorine-doped. Double layer coating demonstrated 
higher corrosion resistance and better mechanical properties that resulted to making 
dense and uniform nanostructured F-HA/ZrO2 DLC synthesized with electro-
deposition and lower dissolution rate.  
 Biocompatibility of Ti-Based alloys  
Biocompatibility is the ability of an artificial material that is used as an implant to 
perform with an appropriate host response. Thus, clinical interaction of the human 
body and biomaterial is called biocompatibility [128, 129]. Ti was bio-active and bio-
inert because of mechanical and chemical bonding with bone. In order to increase 
the early chemical bonding heat-treatment was suggested [107, 108]. New type of Ti 
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β-phase alloys are composed of elements such as Ta, Zr, Nb and Sn. These have 
achieved good biocompatibility and excellent mechanical properties such as high 
strength, low Young’s modulus and good cold workability and have been more 
commonly used in recent years [13, 130-132]. High value of some elements with β-
stabilizing properties in Ti alloys such as Mo are not suitable for biomaterial 
applications because of possible release to the surrounding tissue. "Two different 
cells that are aortic endothelial and the osteoblasts on Mo were highly affected from 
the substratum in their viability (The ability of a living organs or an prosthetic 
bioimplant to maintain itself or recover its potentialities). The cytoplasm content was 
totally diminished and cell spreading was reduced on Mo so this element must be 
used in small value as β stabilizer for Ti-Based biomaterials" [133].  
Ni, V and Al in biomaterials were considered to be rather toxic due to ions releasing 
in the human body while small impurities of NiTi2 and NiCx with martensite, 
monoclinic and austenite structure had good biocompatibility [56, 66, 134, 135]. Cell 
culturing on osteoblast cells for Ti–5Nb–xFe alloys after 4 days showed that the rate 
of cell proliferation was related to the value of Fe and chemical bonding between this 
element and cells. The cell proliferation level for Ti-5Nb-5Fe was higher than CP-Ti 
and Ti-5Nb which is shown in Figure 3-10. The results proved that Ti–5Nb–xFe and 
Ti–5Nb had a good biocompatibility, viability and support osteoblast cell attachment 
[63].  
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Figure 3-10 SEM micrographs of osteoblastic cells after 4 days (500X magnification) [63] 
(Elsevier licence agreement Number 3686790512717) 
Evaluation of cytotoxicity for Ti–29Nb–13Ta–4.6Zr on Eagle’s culture solution and 
Zr balls at a temperature of 310K in 7 and 14 days for L929 cells illustrated that 
cytotoxicity and cell viability for this alloy were the same as CP-Ti that can be 
related to the β phase and non-toxicity properties of this phase [70]. Human 
osteoblast cell proliferation for CP-Ti, Ti-W and Ti–7.5TiC–7.5W using micro-
culture tetrazolium test illustrated that with increases in incubation time, 
considerable cell proliferation was observed. This high rate of biocompatibility 
was attributed to the formation of TiO2 that had good biocompatibility with living 
tissues regardless of adding TiC and W. No toxicity issues were observed during 
cytotoxicity tests on L929 mouse fibroblast cells and cell growth had a direct 
correlation with the time of incubation that is illustrated in Figure 3-11 [136].   
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Figure 3-11 Optical images of L929 cells cultured (a, b, c) CP-Ti, (d, e, f) Ti–10W, and (g, h, i) 
Ti–7.5TiC–7.5W after being dyed with Giemsa's staining solution [136] (Elsevier licence 
agreement Number: 3686790659095) 
Aging improved the biocompatibility of Ti-Based biomaterials such as Ti-50 
mass% by making orthorhombic martensite α". The formation of this structure 
was sensitive to temperature and time. In aging various phases such as ω+β, 
ω+α+β, α+β appeared and the best mechanical properties and biocompatibility 
were obtained with an α+β phase and temperature of 873K. These properties 
were related to a lower modulus, and moderate elongation to failure [59]. 
Furthermore, Nb and Ta improved Ti biocompatibility, Ti16Nb and Ti–Ta alloys 
were not cytotoxic to L929 cells due to an extremely stable oxide layer which was 
formed on the alloy surface. This layer inhibited the inner metal ion release, 
shielding the cells. These alloys had an excellent biocompatibility, equal to CP-Ti 
with a high cell proliferation rate. Figure 3-12 illustrates cell viability for cells on 
CP-Ti, Ti16Nb and Ti-Ta alloys after 7 days incubation for solution treatment (ST) 
and solution treatment and aging plus quenching in ice water (STA)  [113, 114].  
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Figure 3-12 Cytotoxicity test for the TiNb and Ti-Ta alloys on L929 cell after 7 days 
culturing in extraction mediums [113, 114]  
Ti-6Al-4V-xCu alloys had antibacterial characteristics with high corrosion resistance 
and cytocompatibility, but it is toxic. The antibacterial ability was related to Cu 
content, which has significant potential for clinical applications as a surgical implant 
material. Bacterial colonies for two common bacteria in daily life were E.coli and S. 
aureus, these are shown in Figure 3-13 after co-culturing on Ti-6Al-4V-xCu and Ti-6Al-
4V. It can be seen the number of bacterial colonies after co-culturing with Ti-6Al-4V 
was significantly higher than Ti-6Al-4V-xCu alloys. Free-form fabrication methods 
such as electron beam melting resulted in a controlled porosity rate (adjusted by 
changing process parameters). Materials fabricated in this manner have been found 
to be ideal for orthopaedic implants due to the effect of changing porosity on 
biocompatibility [137, 138].  
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Figure 3-13 Bacteria colonies value after co-culturing on Ti-6Al-4V and Ti-6Al-4V-xCu [137] 
(Elsevier licence agreement Number: 3686790804763) 
Investigations of 8 weeks duration on implanted biomaterial containing graded layers 
mixed by Ti/hydroxyapatite (HA and Ti) proved that tissue reaction occurred 
gradiently in response to the graded structure. Small amounts of decomposed 
products of HA phase (called biodegradable α-TCP and Ca4O (PO4)2) appeared in the 
graded layers mixed by HA and Ti. Other compositions were not observed in the 
fabrication process. Indeed, it was found that newborn bones between 
Ti/hydroxyapatite and host bones grew actively and had a growing behaviour from 
the edge of host bones to the implants which demonstrated that no important 
defensive reaction occurred between implants and body tissues. This result is 
probably related to HA compatibility with living tissue, confirming the high 
biocompatibility of this material [139, 140].   
TiO2 particles on the surface of Ti-Based alloys with diameter of 50–90 nm improved 
biocompatibility, this is thought to be attributed to high homogenisation and anti-
corrosion characteristics hence, oxidation of Ti is a commonly used technique in bio-
manufacturing [141]. Cytotoxicity of elements in Ti-Based biomaterials from the most 
to least are listed as; Cu > Al=Ni > Ag > V > Mn > Cr > Zr > Nb > Mo >Ta>Sn> CP-Ti. 
Generally, Ti-Based biomaterials had higher than 80% cell viability, for instance, Ti–
10Nb alloy exhibited the highest cell viability (124.8%), which was higher than that of 
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CP-Ti. The ranking of cell viability for pure biomaterial ingots from the most potent 
to least potent is shown in Figure 3-14 [142].  
 
Figure 3-14 The cell viability for pure metal biomaterials [142] 
Nano composite coating HA/calcium silicate was reported as having a porous 
structure that resulted in enhanced cell attachment and osseointegration. Strength 
tests in this nano-composite illustrated that HA/CaSiO3 had a higher bond strength 
than HA-Ti composites. Moreover, the proliferation of MC3T3-E1 osteoblast cells on 
HA/CaSiO3 had higher rate compared to HA-Ti bio-composites. HA/CaSiO3 had higher 
stability in physiological environment and better corrosion resistance. The mentioned 
improvements are related to the porous structure of HA/CaSiO3 and resemblance to 
human natural bone that made it compatible with the human body.  
Modification of process parameters in producing HA-Ti bio-composite using plasma 
spraying to obtain optimum thickness and surface coverage has been carried out by 
Huang et al [143]. The study demonstrated that the crystallinity level improved after 
immersing in the SBF and, crucially, no calcium ion release of vanadium was observed 
that resulted in high biocompatibility for bone generation. Uniform surface coverage 
and thickness in the range of 47—130 µm was achieved after modification of nozzle 
transverse speed and Ti surface rotational speed. Indeed, increasing the amount of 
hydrogen or decreasing the powder feeding rate melted HA particles completely that 
led to higher adhesion strength, denser and uniform bio-composites. Sol-gel 
disillusion to produce three bio-composites including HA, fluor-apatite (FA) and fluor-
hydroxyapatite (FHA) to understand the bond strength and the interaction of these 
materials on Ti substrates was investigated by Tredwin et al [144]. The study 
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demonstrated that all three materials offered superior alternative for coating Ti 
bioimplants. Coating thickness had direct and indirect correlation with increasing 
fluoride ion substitution and spin coating speed respectively. Indeed, increasing 
fluoride ion substitution and heating temperature resulted in increasing bond 
strength and subsequently increasing stability, decreasing micro-motion and finally 
improving biocompatibility. 
 Osseointegration, osteoinduction and osteoconduction for Ti-Based 
alloys 
Osteoinduction is related to the bone healing process and shows the recruitment of 
immature cells to develop into preosteoblasts. In bone healing, issues such as a cracks 
and fractures are highly associated with osteoinduction. Osseointegration is a direct 
structural and functional connection between living bone and the surface of a load-
bearing artificial implant and is directly related to mechanical stability. 
Osseointegration decreases as a function of increasing micro-motion of implants, 
blood vessel growth and fibrin adhesion. The growth of bone on the surface of the 
implants is osteoconduction and is related to osseointegration. Improving these 
three characteristics lead to enhancing the quality of the implanting process and 
decreasing implant defections, improving patient outcomes. Cell morphology 
orientation, attachment and growth are highly related to the quality of surface. Some 
chemical and biological reactions occur after implantation of biomaterials such as 
adsorption of water and proteins. These are related to the surface properties of the 
material such as surface chemistry, surface topography, surface roughness and 
energy. Figure 3-15 shows one of the following procedures will happen after 
implanting process in human body [4, 145].  
 
Figure 3-15 body reaction to biomaterials after implantation [4] 
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Adhesion is required for embryogenesis, wound healing, immune response and 
biomaterial tissue integration. Proteins are involved in adhesion to extracellular 
matrix (ECM) proteins, cytoskeletal proteins and membrane receptors. Interaction of 
these proteins induced signal transduction and therefore led to cell growth. Cell 
shape and cyto-skeleton alignment was attributed to the surface topography of 
grooved surfaces because regular slots aligned cells and increased adhesion. Grooved 
surfaces, enhanced osteoblastic cell adhesion, attachment and proliferation more 
than rough surfaces [146].  Anodic oxidation caused formation of porous oxide films, 
these porous structures increased the frictional forces between the implants and 
surrounding tissues therefore increased osseointegration and biocompatibility. 
Micro-pores on the material surface increased the surface roughness generated 
during anodic oxidation while samples with smoother surfaces were more likely to 
form thicker porous encapsulation. Rough surfaces produced by treatment of 
surfaces containing micro-pores had a positive effect on the bonding of implants and 
tissues with the material. Ca and P enriched oxide films were found to have a low 
amount of micro-cracks, this property improved surface characteristics such as 
intermediate roughness and crystallinity. In-vitro experiments illustrated that pre-
osteoblast cell growth and metabolic activity on Ti and porous Ti scaffolds were 
comparable. The dispensing angle and size of the powder were found to be important 
factors governing the final architectural and mechanical properties of the Ti scaffolds 
[147, 148].  
Thermal and chemical improvements of titanium surfaces resulted in changes to the 
surface topography, oxide chemistry, wettability and protein/cell-binding affinities. 
Heating, either in atmosphere or pure oxygen, led to an enrichment of Al and V in the 
surface oxide. Subsequent heating in peroxide solution and exposure to 
oxygen/atmosphere followed by butanol rinsing decreased the value of V, however 
no significant change was observed for Al content. This process resulted in a thicker 
oxide layer and a more hydrophilic surface compared to passivated controls. Heat 
treatment in normal atmosphere or pure oxygen increased the amount of Al2O3 on 
the surface, this increased fibronectin-promoted cell attachment. This treatment in 
atmosphere with or without a butanol treatment step improved protein induced cell-
adhesion, while in oxygen didn’t have significant effect. Generally, heat treatment 
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had no inhibitory effect on basal MG63 cell attachment. Protein-induced attachment 
of MG63 cells to the implants fluctuated with changing V and Al surface composition. 
The reason of these phenomena were highly reliant on change in surface chemical 
composition (reactions of the metallic surfaces, caused by reduction in V content) 
and decrease in the V/Al ratio [149]. Staphylococcus aureus (S. aureus) adherence to 
the ECM and plasma proteins that were deposited on biomaterials was an important 
issue in the pathogenesis of implant related infections as these are a major cause of 
medical problems after implantation surgeries. Immediately after implanting 
biomaterials in the body they become coated with host plasma constituents, 
including ECM which can be detrimental to the success of the surgery. “Poly (L-
lysine)-grafted-poly (ethylene glycol) (PLL-g-PEG) adsorbed from aqueous solution on 
to metal oxide surfaces, effectively reduced the degree of non-specific adsorption of 
blood and ECM proteins, and decreased the adhesion of fibroblastic and osteoblastic 
cells to the coated surfaces”. Coating Ti surfaces with any type of copolymers rapidly 
reduced the adhesion of S. aureus to the surfaces, this is shown in Figure 3-16 for 
smooth Ti (TiS) and rough Ti (TiR). More bacteria are seen on the uncoated surfaces 
(a–b) in comparison with coated surfaces (c–d). The reason for this change is that S. 
aureus attached to the Ti surfaces and can be seen forming clumps of cells, while on 
the coated surfaces gaps and holes that were produced by copolymer components, 
decreased the adhesion rate [150].  
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Figure 3-16 BSE images of S. aureus cultured on the different surfaces for 2 h at 370C: (a) TiS, 
(b) TiR, (c) TiS-PEG, and (d) TiR–PEG [150] (Elsevier licence agreement Number: 
3686790993889)  
HA coating of Ti-Based biomaterials using different processes such as plasma 
spraying, sol-gel process and biomimetic growth is one of the most promising 
methods for promoting osseointegration and osteoconduction. Cells in the HA/TiO2 
double layer are exposed to a uniformly dense, homogeneous, well-crystallized 
structure with high corrosion resistance. This resulted in superior bone integration 
optimising oxide thickness and good interfacial adhesion and subsequently, a higher 
degree of osseointegration and biocompatibility than that of the TiO2 single layer 
coated and CP-Ti surfaces [151-156]. In biomimetic apatite coatings formed on micro-
arc oxidized titania low voltages caused porous microstructure with completely 
spherical pores and homogeneous distribution. As a function of increasing voltage 
the pore size increased and cracks with irregular and rough surfaces appeared. In this 
process oxide films initially released and dissolved Ca and P and likewise the 
formation of apatite on the surface of Ti in SBF was highly related to the amounts of 
Ca and P present. After 14 days Ca and P containing precipitates appeared on the 
surface of the oxide films and reduced on SBF. The proportion of coated appetite 
increased and successively bone-like apatite (bioactivity and biocompatibility) were 
improved [157]. Porous HA/collagen composite biomaterial has osteoconductivity 
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and was able to act as a scaffold in formation of bone. This composite has bone 
conductive activity and was able to unite with bone. The bonding has been related to 
the similarity with natural bone and inducing the development of osteogenic cells 
and bone-remodeling units [158]. Ti coated with HA, albumin-apatite or laminin-
apetite produced by immersion of NaOH and heat treatment in calcium phosphate 
solution were investigated by Uchida et al. [159] to analyse activation and adhesion 
of platelets. The results showed higher platelet adhesion and activation for heat-
treated samples that can be related to thromboresistance nature of these composites 
superior that CP-Ti.  
Nano-composite with a grain size of less than 100 nm, due to increasing consolidation 
between HA and Ti substrate, improved various properties of the composite such as 
hardness value, young’s modulus and corrosion resistance. Nano-composites also 
increased tissue growth cell activity and cell adhesion for osteoblasts because 
osteoblasts tended to adhere at particle boundaries and nanophase metals have a 
higher percentage of particle boundaries on the surface in comparison with wrought 
materials [160, 161].  
A mixture of HA with an alkaline dopamine solution deposited on Ti surfaces 
improved adhesion, proliferation and mineralization of osteoblasts. Also, this process 
immobilized HA nano particles helping to increase osseointegration. This 
enhancement can be related to (a) low process temperature, which led to avoiding 
the damage to HA crystallinity and (b) aqueous process condition and low chemical 
reactions and damage [162, 163]. Investigation on nano-HA-Ti and nano-
HA/collagen-Ti on osseointegration onto bone surface proved that nano-HA/collagen 
surrounded by new bone tissue without encapsulation of fibrous. HA/collagen had 
great potential for bone contact and bond strength to the bone and nano-HA 
displayed preferential accumulation proximal to the cell membrane that can be 
related to nano-grain structure as natural bone. These investigations demonstrated 
that the application of nano technology on production of HA-Ti composites had good 
potential on osseointegration, cell culturing rate and grow [164, 165].  
Protecting and polishing the surface of biomaterials such as carbon fibre-reinforced 
composites (CFRC) by carbon-Ti coating operation significantly enhanced the 
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biocompatibility in terms of lower release of carbon particles and higher colonization 
with MG63 and vascular smooth muscle cells. Combining these two surface 
modifications resulted in large improvements to the biocompatibility of CFRC, 
probably because of the development of a biocompatible lattice for assembly of 
osseous and vascular tissue that could functionally replace a living bone [166]. Pulsed 
direct-current plasma enhanced chemical vapour deposition of DLC and 
polycrystalline/amorphous TiOx (DLC-TiOx, x≤2) and DLC-SiOx showed no evidence of 
Ti-C bonds on the surface, Si and C bonds were observed to form siloxane structures. 
The cell count compressive stress and hardness of the films increased with decreasing 
Ti content. TiO2 on the surface seemed biocompatible and the cell morphologies on 
all DLC-TiOx surfaces appeared conductive to healthy proliferation. Osteoblast cell 
adhesion in modified DLC films increased with deposition of TiO2 due to increasing 
hydrophilicity and surface energy in DLC-TiOx surfaces compared to pure DLC. This 
led to enhanced in osteoblast proliferation. However, osteoblast proliferation 
properties were unchanged by the deposition of SiOx on the DLC films. Figure 3-17 
shows multiple microvilli and spherical structures on the surface that provide 
continuous exchange between the environment and the cell surface. Large 
lamellipodes indicated homogeneous colonisation, cells on DLC-TiOx appeared to 
exhibit more flattening of the substratum. Furthermore, increased size of cytoplasmic 
extensions in various directions illustrated excellent adhesion osteoconduction and 
osseointegration [167]. 
Oxidation treatment and alkali treatment on Ti–29Nb–13Ta–4.6Zr led to the 
formation of a titanate layer on the preoxidized surface, and growth of a layer for Ca–
P after immersing in SBF or fast calcification solution. This phenomenon resulted in 
making hard and bioconductive surface and improvement of its wear resistance, 
bioconductivity and bioactivity [168].  
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Figure 3-17 SEM images for osteoblasts growing on DLC (a) and on DLC-TiOx (b) films [167] 
(Elsevier licence agreement Number: 3686791131615) 
The effect of surface finish (pore size) on the osseointegration of laser-treated 
surfaces showed that surface blasting considerably improved the osseointegration of 
laser-textured Ti-6Al-4V implants. Surface blasting of laser-textured Ti-6Al-4V 
implants with 200μm pores shown the highest level of osseointegration because 
smaller pores led to decreasing mechanical stability while larger pores showed slower 
bone implant contact and osseointegration. Enhanced biomechanical stability and 
higher resistance to fatigue loading on surfaces with 200μm pores was attributed to 
bone ingrowth through the pores that led to interlocking of the surrounding bone 
tissue with the implant [169]. Figure 3-18 illustrates different methods that have 
been developed to improve biomechanical compatibility, cell growth and fixation. 
 
Figure 3-18 Common methods for enhancing biocompatibility of Ti-Based biomaterials [72, 
147-151, 156, 157, 166, 170] 
 Fabrication of Ti-Based biomaterials 
In this step Ti fabrication methods in commercialized systems for biomedical 
application with determining their advantages and limitations are discussed. 
 Casting and Powder metallurgy 
Casting is a low cost method that is used to produce the net shape of raw biomaterials 
including Ti and Ti-Based alloys [171-174]. Improving net shape casting technology, 
fatigue properties and decreasing metal mold reactions lead to increasing the quality 
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of casting productions [30, 175-177]. Ti casting is carried out by two methods 
including conventional and investment methods. In conventional methods mold 
material is formed from rammed graphite that produce complicate shapes, has a 
good surface finish after polishing and minimal reaction rates [178, 179]. Another Ti 
casting method is investment casting which uses a wax mold and is a lower cost 
method of producing intricate and net shape productions.  
This method results in more surface defects, lower surface quality and greater 
dimensional deviations than graphite mold casting [180-182]. Figure 3-19 shows the 
surface profile for Ti-6Al-4V and CP-Ti produced using an investment casting process 
and 3D printing (SLM). The surface roughness was measured in the range of 2.3μm. 
These surfaces are of inferior quality and not suitable for direct use and would need 
machining or polishing operations. But the roughness in this operation is better than 
SLM because in SLM remaining particles produced surfaces in the range of 19µm.   
 
Figure 3-19 Casted surface for CP-Ti (Left) Ti-6Al-4V (Middle) and 3D printed (SLM) surface 
of Ti-6Al-4V (Right) [183] 
Powder metallurgy is used for making Ti productions in medical applications which 
are close to final size (near net shape), resulting in reduced machining operations and 
fabrication costs. Direct gas atomization, blended elemental technique, rotating 
electrode and metal hydride reduction are the common methods for producing Ti 
powder. Among these operations metal hydride reduction and blended elemental 
technique result in a higher density and are more common for Ti implant fabrication. 
Figure 3-20 shows the level of density in common Ti powder production methods. A 
new approach to powder production is metal hydride reduction. In this method Ti is 
produced from Ti dioxide in a chemical reaction at a temperature of 11000C to 12000C 
(below melting temperature). The chemical reaction is shown in Equation 1.  
TiO2+ 2CaH2 = Ti +2CaO +H2 (1) 
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Ti produced from this method has a small amount of chloride and large levels of 
hydrogen present which can be removed by an annealing process [18, 184]. The 
second common process for making Ti powder is the blended elemental technique 
(elemental method) in which Ti particles are blended in a twin cone blender at room 
temperature and a high pressure of 400Mpa [185-187]. For obtaining close to 100% 
density hot pressing, sintering and hot isotactic pressing is suggested. Sintering is 
performed in β phase and hot isotactic pressing is processed in α+β phase.  
Generally, powder metallurgy is used for the forming of complex shapes/composites 
with uniform microstructure and requires a few or no secondary operations, making 
it cost and time efficient. Dimensional deviations are low and tolerances are quite 
high in this method. A high production rate is another advantage of this method. Ti-
Based alloys can be produced with infiltration and impregnation of other materials 
with different physical and mechanical properties such as hardness, strength, density 
and porosity that have compatibility with human organs with low scrap rate.  
This method has limitations on size and dimensions of the productions, especially in 
hot pressing based techniques. Furthermore, producing powder mold and 
compression equipment such as pistons are expensive and needs exclusive design for 
each specimen. Low ductility, strength and fire hazard for Ti and Ti-Based alloys due 
to low thermal conductivity as well as health problems are another disadvantage of 
this method.  
 
Figure 3-20 Ti powder making methods [185] 
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 Cold working and hot working 
Ti alloys have low capacity to be cold worked due to behaviours such as shape 
memory and spring back, properties related to low modulus and high strength. Strain 
hardening, expensive equipment, undesirable residual stresses and less ductility are 
other disadvantages of Ti cold working. For increasing the cold working capacity of Ti 
hot sizing and stress relieving are recommended. Advantages of cold working of Ti 
include good control of dimensional deviations, better reproducibility, improved 
strength, as well as high levels of straightness and machinability [188-190].  
Hot working of Ti reduces yield strength, so less energy and force are needed.  It is 
also easier to perform and results in increases in ductility and removal or reduction 
of chemical in-homogeneities due to the elevated temperature and diffusion 
involved. Indeed, the size of pores may decrease or close completely during 
deformation. Controlling this size has a positive effect on cell adhesion, 
biocompatibility and osseointegration. Hot working of Ti is performed at a slow rate 
thus increases the production time and cost. Shape memory, workpiece and tool 
oxidation and lubrication problems can all have a negative effect on the quality of 
produced materials. Undesirable reactions between the metal and the 
mold/surrounding atmosphere, poor tolerances due to warping from uneven cooling, 
thermal shock and variety in grain structures are other problems of hot working 
techniques. In the temperature ranges above 5500C due to oxygen absorption and 
low thermal conductivity defects can appear on the surface [191, 192]. Hydrogen that 
is absorbed during the hot working process results in poorer mechanical properties, 
a preheat at a temperature of 200 0 to 2500 C is recommended to increase the 
efficiency [18].  
 Machining and laser forming (additive manufacturing) 
Ti and its alloys are well known to possess a low rate of machinability due to their 
hardness and low thermal conductivity compared to other metal and ceramic 
biomaterials. Deformation mechanisms during machining of Ti alloys is a complex 
process-abrasion, attrition, diffusion–dissolution, thermal cracking and plastic 
deformation are the main tool wear mechanisms [193]. For improving the 
machinability of Ti in biomedical applications it is recommended to use ultra-hard or 
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super hard coated cutting tools such as cubic boron nitride or diamond carbon 
coatings [194-199]. Coated cutting tools such as TiCN/Al2O3 increase the 
machinability of Ti and improves the resulting surface characteristics [200]. Free Ti 
machining leads to an increase in tool life and decrease in cutting temperature; 
however has a negative effect on ductility and impact resistance. High coolant 
pressure increases tool life and machining efficiency [201-205]. In machining of Ti and 
Ti-Based biomaterial the temperature can reach 3000C, thus it is difficult to achieve 
cutting speeds of over 60m/min [205]. Extreme pressure, mineral oil, chemical or 
synthetic coolant fluid is recommended for the machining of Ti-Based biomaterial in 
order to decrease cutting temperature and tool wear. Furthermore, in the dry 
machining of this material localized flank wear is a significant cause of tool failure-
brittle fracture of the cutting edges that is observed [206]. Machining results in 
changes of Ti surface characteristics such as roughness, patterns, wettability, surface 
mobility, chemical composition, electrical charge, crystallinity, modulus and 
heterogeneity to biological reaction that are important in cell adhesion, 
osseointegration osteoconduction and biocompatibility. Production of intricate 
shapes especially by using 5 axis machining, good surface finish, high accuracy in 
terms of dimensional deviations and selectable surface roughness and subsequently 
different cell viability, cell growth, osseointegration and biocompatibility by changing 
cutting conditions and surface topography are the advantages of biomaterials 
machining. The only disadvantage of this method is expensive machine centre and 
equipment [207-209].  
Additive manufacturing is a process for producing functional prototype parts directly 
from computer models. This is called additive layer manufacturing and is achieved by 
deposition of powdered material in layers and the selective binding of the powder 
using ink-jet printing to produce the net shape components [210-212]. Complex and 
expensive (near net shape) Ti-Based biomaterials are manufactured using this 
method [213, 214]. Different laser processing methods such as selective heat 
sintering (SHS), selective laser melting (SLM), selective laser sintering (SLS), electron 
beam melting (EBM) and 3-D laser cladding are used in additive techniques to fuse 
(deposit) Ti powder at a desired location. The operation is controlled by computer 
numerical control and the size of powder particle is in micro scale. Figure 3-21 (Left) 
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illustrates prosthetic acetabular hip designed by SolidWorks software and (Right) 
shows specimen manufactured by SLM method (Diameter 69mm). In laser forming 
the quality of produced parts is associated with the dimension of the laser focus, 
scanning speed, power rating of the laser, size of the powder particles, layer 
thickness, process atmosphere situations and track overlap.  
 
Figure 3-21 (Left) prosthetic acetabular hip designed by software (Right) produced sample 
by using SLM method [183] 
 
 
Figure 3-22 (Left) Powder particles on the surface of the sample in SLM methods (Right) Ti 
powder for SLM [183] 
This method is very sensitive to initial conditions, expensive in run and powder 
particles remain on the surface after the production process. Figure 3-22 (left) and 
23 show that the initial surface doesn’t have great quality, however this method 
decreases manufacturing steps and time. Compatibility with rapid 3D design allows 
characterizing it as one of the promising methods in biofabrication. Figure 3-22 (right) 
shows the powder size that was used for producing prosthetic hip by using SLM 
method. Figure 3-23 shows good deviation between the produced sample from the 
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SLM machine and base circle design, showing the high accuracy and versatility of this 
method for biofabrication.  
 
Figure 3-23 The inner surface of prosthetic acetabular produced by SLM [183]  
 Other fabrication methods 
In this section other manufacturing methods for Ti-Based biomaterials such as 
superplastic forming, forging, ring rolling and joining methods will be discussed. 
Superplastic property is expressed as having a strain rate sensitivity exponent of 0.5 
or greater in the flow stress and strain rate. Sensitivity is computed as per Equation 
2: 
σ = σ0 (dε/dt)m (2) 
where σ0 is the threshold flow stress at very low strain rate and (m) is strain rate. In 
creep forming with strain rates of 10-5 to 10-6 s-1 and a temperature of 0.6TM (TM is 
melting temperature), if alloys have stable small grain size they have superplastic 
forming characteristics. In Ti-Based biomaterials Ti-6Al-4V and CP-Ti have 
superplastic forming capacity at a temperature of 9500C and pressure of 1Mpa. The 
ability to produce large and complex samples in one step, good surface finish, high 
accuracy and low deformation force are the main advantages of this method. In 
addition, no residual stress and spring back was observed in this operation, while 
oxidation of workpiece and equipment, slow forming rate and lower volume of 
production are the disadvantages of this approach in manufacturing of prosthetic 
biomaterials [30, 215-218]. 
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Ti forging is performed in either open or close dies. The number of forging operations 
is related to the size of a production, complexity of the shape and workability of the 
alloy being forged. Preheating operations after passing each stage are recommended. 
In Ti forging basket-weave microstructure is observed in bars produced by β finish-
forging method; while duplex or tri-modal microstructure with near β phase appears 
in bars manufactured by forging technology [219-221]. In forging grains are 
continuous throughout the part so the strength is higher than other methods such as 
casting. In order to avoid undesirable work hardening hot forging is recommended. 
Work hardening in cold forging is not economical and causes difficulty on secondary 
processes like machining. Alloys with precipitation hardening capacity such as AL and 
Ti can be hot forged followed by a hardening step. In hot forging dangers are present 
due to high temperatures and pressures, in addition facilities and personnel are 
expensive. In cold forging higher flow stress and net shape memory characteristics 
lead to increase in the cost of the process. In hot forging the metal forming die and 
mold must be prepared accurately after machining and heat treatment which adds 
to the final production costs. 
Ring rolling is used for the production of Ti cylindrical biomaterials specially CP-Ti and 
Ti-6Al-4V. In this process the crystal structure of productions is weakened by 
twinning, however strengthened by slip [222]. Theoretically, the feasibility of cold 
rolling of Ti sheet under tensional forces mainly depends on the plastic deformation 
conditions and state of stress. Cold rolling needs expensive equipment due to the 
high hardness and tensile strength of Ti, however gives a good surface finish and 
dimensional deviations [223]. A mix of twist extrusion and rolling of CP-Ti leads to an 
additional refinement of the microstructure, which remains thermally stable at 300–
350°C [224]. 
Fusion welding and friction welding are the most common joining methods for Ti and 
Ti-Based biomaterials. “Typically, it becomes more difficult to produce welded 
structures, or products as the alloy strength increases. This is because the properties 
of the weld do not match those of the base metal and because some of the high 
strength alloys contain eutectoid alloying elements that impair the solidification, 
integrity, and properties of the welds. An additional issue is the availability of filler 
wire that matches the composition of the base metal”. Friction welding of Ti is used 
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to produce high integrity joints with α+β phase, the best method for welding of non-
axisymmetric Ti and Ti-Based alloys is linear friction welding. Welding is not common 
in manufacturing of biomaterial and most of the prosthetic organs are produced by 
other methods [30, 225, 226].  
 HA-Ti bio-composite manufacturing 
Fabrication HA-Ti bio-composites have good potential in biofabrication and their 
production has been carried out by different approaches such as sol-gel, thermal 
spraying, electrophoretic deposition, hot pressing and hot isostatic pressing, pulsed 
laser deposition, sputter coating and dip coating. Table 3-4 shows advantages and 
disadvantages of the mentioned methods for HA-Ti bio-composite fabrication.  
Table 3-4 Techniques to produce HA-Ti bio-composite [227-235] 
Technique Thickness Advantages Disadvantages 
 
 
Dip coating 
 
 
0.05-0.5mm 
Inexpensive to run needs high sintering 
temperatures 
Fast coating process Thermal expansion  
misalliance Impossible for 
intricate substrates 
Electrochemical 
deposition 
2µm Union grains for as 
built samples 
Crystal morphology 
and size are sensitive 
to electrolyte 
temperature 
Thick layers by 
increasing 
deposition time 
Crystal morphology 
and size are sensitive 
to process time 
 
Electrophoretic 
deposition 
 
0.1-2.0mm 
Uniform coating 
thickness 
Cracks on the surfaces 
High deposition 
rates 
 
High sintering 
temperatures Impossible for 
intricate substrates 
 
 
 
 
Hot Pressing and 
hot isostatic 
pressing 
 
 
 
 
0.2-2.0mm 
 
 
 
 
High density in the 
surface 
Impossible for 
intricate substrates 
High operation 
temperature  
Thermal expansion 
incompatibility 
Variation in elastic 
property  
Expensive to run 
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Removal/Interaction  
of encapsulation 
material 
Metal injection 
molding 
NA Reduce production 
costs 
Contaminates 
Homogeneity High risk of cracks 
Selectable 
mechanical 
properties by 
changing sintering 
temperature and 
cooling rate 
Decomposition at 
temperature above 
11000C 
Alternation in 
mechanical properties 
after implantation in 
SBF 
Powder metallurgy NA Excellent 
microstructure 
Expensive 
instruments 
Near net shape 
productions 
Pulsed laser 
deposition 
0.05- 5μm As for sputter 
coating 
As for sputter coating 
 
 
 
Sol-Gel 
 
 
 
<1μm 
Impossible for 
intricate substrates 
Needs more 
equipment to control 
atmosphere 
processing 
Low temperatures 
in operation 
 
Expensive raw 
materials Relatively 
inexpensive and 
thin 
 
 
 
Sputter coating 
 
 
 
0.02-1μm 
 
 
Uniform coating 
thickness on flat 
substrates 
Line of sight 
technique 
Expensive to run 
Slow operation 
Impossible for 
intricate substrates 
Amorphous 
productions  
 
 
Thermal spraying 
30-200μm  
 
High deposition 
rates 
Line of sight 
technique 
High temperatures 
induce decomposition 
Thermal cooling 
gradient produces 
amorphous coatings 
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 Discussion and future work 
Different problems in biomaterials in terms of material metallurgy, microstructure, 
fabrication methods, mechanical properties, corrosion, biocompatibility, surface 
modification and osseointegration lead to failure such as cracks, deformation and 
fracture. Therefore, revision surgery must be implemented to replace artificial 
implants that are time consuming and expensive. Generally speaking, biomaterial 
failure is a significant issue that is associated with, low wear and corrosion resistance, 
fibrous encapsulation, release of residual stress, low surface quality, decreasing in 
osseointegration, mismatching in bone and elastic modulus, low fatigue stress, low 
fracture toughness and inflammation. The most promising method in biofabrication 
is AM which can be used for production of different parts such as hip, heart valve, 
knee and dental implants. Indeed, the ability to choose porosity of the produced 
material in this technique is another exclusive property that can change modulus, 
hardness, corrosion resistance, cell adhesion, osseointegration and biocompatibility.  
Future work will be dedicated to optimization of AM methods for achieving 
prosthetic parts with superior mechanical properties, biocompatibility, 
osseointegration and anti-corrosion characteristics in simulated human body fluid. 
Also, improving and enhancing the quality of Ti-Based biomaterials during 
manufacturing processes such as optimization in material removal processes or 
forming, heat treatment, oxidation, surface improvement, surface polishing and 
surface coating will be subjected to prospect attentions.  
 Conclusion 
In this paper, Ti and Ti-Based alloys used in biomedical applications as well as 
different aspects such as metallurgy, mechanical properties, surface modification, 
anti-corrosion characteristics, biocompatibility and osseointegration have been 
discussed. Moreover, advantages and disadvantages for various Ti production 
processes in biomedical applications such as casting, powder metallurgy, cold and hot 
working, machining, additive manufacturing, superplastic forming, forging and ring 
rolling have been outlined. The most significant points for Ti and Ti-Based alloys in 
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medical applications in terms of cytotoxity, mechanical and anti-corrosion 
characteristics and biocompatibility are presented below. 
Ti-Based alloys in α+β phase have low toxicity and low allergenic properties, and 
the cytotoxicity ranking of various elements in Ti-Based biomaterials from the most 
to least is recognized as: Cu > Al=Ni > Ag > V > Mn > Cr > Zr > Nb > Mo >Ta>Sn> CP-Ti. 
Heat treatment improves biomaterial characteristics for instance, aging increases 
tensile strength, brittleness, mechanical properties and biocompatibility. Annealing 
increases breaking elongation of Ti based biomaterials, however decreases yield and 
tensile strength.  
Compared to copper and stainless steels Ti has higher corrosion resistance. Ageing, 
quenching, plastic deformation, formation of combination of Ti and Mo, porous 
layers on the surface, heat treatment and β phase stabilizer elements improve Ti’s 
characteristic on corrosion resistance. Some phases such as α+β and β due to 
difficulty in initiating cracks have good anti-corrosion characteristics, but some β 
phase stabilizers such as Mo are not suitable due to releasing to the surrounding 
tissue. Ti coating procedures such as plasma nitriding, CVD, PVD, ion nitriding 
production of oxynitrides, oxygen diffusion, diamond like coating, laser annealing and 
enrichment of nitrogen on passive layers increases the resistance of produced 
components against corrosion and wear. Moreover, dislocation density of Ti-Based 
alloys that is observed in machining or forming procedures changes surface hardness 
and micro hardness, which is called work hardening. 
The ranking of cell viability of elements which are added to the Ti in bioimplants from 
the most to least strength enhancing is: CP-Ti>Mo> Nb>Zr>Cr>Mn>V>Ag>Al>Cu. 
Increasing oxide thickness and HA coating by using different methods such as plasma 
spraying, sol-gel, surface porosity, thermal heat treatment, surface grit blasting, 
polishing, antibacterial coating and biomimetic processes improve osseointegration 
and biocompatibility of Ti-Based biomaterials. Furthermore, better characteristics 
such as uniform density, structure homogeneity, well crystallized structure and anti-
corrosion properties are obtained by using HA coating in Ti-Based biomaterials. 
 
 
132 
 
Grooved surfaces help promote osteoblastic cell attachment, proliferation and 
adhesion therefore, osseointegration and biocompatibility are improved.  
Because of high strength, low thermal conductivity, shape memory, high hardness 
and spring back, Ti-Based alloys in biomaterial has low sufficiency in cold working and 
machining. Choosing the porosity value of productions in AM changes cell adhesion, 
osseointegration, osteoconduction, biocompatibility and hardness that allows 
characterizing AM as a new and efficient method with high flexibility in fabrication of 
complicated prosthetic organs such as heart valve, hip and knee.  
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 Research gap  
 Research gap on the processing of prosthetic acetabular cup 
Traditional methods to produce prosthetic acetabular cup are machining, forging, 
investment and conventional casting. These methods have some disadvantages 
which appear after implantation and need revision surgery that is costly and risky. 
For instance, dimensional deviation, porosity, sensitivity to production condition, 
metal mold reaction, fatigue and needing to post processing are some disadvantages 
of casting methods. For machining, high value of scrap and cost are the main 
problems, while in forging non-uniform thickness, especially in the contact area of 
mold and material is the main issue in the production process. Therefore, a research 
gap was found in the investigation of producing prosthetic acetabular cup using AM 
which can be customized for each person based on human body ergonomics.  
 Research gap on post-processing of prosthetic acetabular cup  
Analyzing the effect of various heat treatments, using different machining conditions 
and strategies on the surface quality, cutting force and dimensional deviations were 
found for further research in post-processing of prosthetic acetabular shell.  
 Research questions 
Taking into account the above-mentioned issues and gaps this research question 
arises:  
How do processing and post-processing comprising heat treatment and machining 
of SLM produced Ti medical parts determine the characteristics of mechanical 
properties, microstructure, surface quality and dimensional accuracy of the finished 
component? 
The mentioned research question is divided into six sub-questions according to the 
following step.  
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 What are the current limitations and how to optimize the design in the 
production of SLM spherical components? 
 What are the main influential factors in solidification of a spherical 
component fabricated by SLM? 
 Does the tool deflection increase dimensional deviations during milling 
process of the acetabular shell using a ball-nose cutter? 
 How does heat treatment enhance mechanical properties and 
microstructure of prosthetic acetabular shell produced by SLM? 
 What is the correlation of cutting force versus machining condition, tool 
path and heat treatment in machining of the spherical component 
produced by SLM? 
 How do cutting parameters, tool path and heat treatment affect surface 
quality in machining of prosthetic acetabular shell produced by SLM? 
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Abstract  
Purpose: The purpose of this investigation is to improve the manufacturing of a 
prosthetic acetabular shell, by analyzing the main factors leading to failure during the 
selective laser melting (SLM) additive manufacturing (AM) process.   
Design/methodology/approach: Different computer-aided design (CAD) and 
computer-aided manufacturing (CAM) processes have been applied to fabricate 
acetabular parts. Then various investigations into surface quality, mechanical 
properties and microstructure have been carried out to scrutinize the possible 
limitations in fabrication.  
Findings: Geometrical measurements showed 1.59% and 0.27% differences between 
the designed and manufactured prototypes for inside and outside diameter 
respectively. However, resulting studies showed unstable surfaces, cracks, an 
interruption in powder delivery and low surface quality were the main problems 
during this process.  
These results indicate that SLM is an accurate and promising method for production 
of intricate shapes provided that the appropriate settings of production conditions 
are considered to minimize possible limitations. 
Originality/value: The contributions of this paper are discussions covering different 
issues in the AM fabrication of acetabular shells to improve the mechanical 
properties, quality and durability of the produced parts.  
Keywords 
 Acetabular shell, Hip replacement prosthesis, Selective laser melting, Solidification, 
Surface crack, Surface roughness 
 Introduction 
AM is the formalized term for what used to be called Rapid Prototyping and what is 
commonly referred to as 3D Printing. The key to how AM works is that parts are made 
by adding layers of material; each layer corresponding to a thin cross-section of the 
part derived from the original CAD data. Although most AM machines produce parts 
using polymers, there are an increasing number of machines that can directly 
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fabricate in metals. The majority of these machines fabricate from raw material in 
powder form using a directed energy beam to create a localised melt zone [1, 2].  
Total hip replacement is recommended for people who have medical issues related 
to excessive wear of the acetabular, osteoarthritis, accident or age. Research has 
shown that large numbers of hip arthroplasties (where the articular surface of a 
musculoskeletal joint is replaced), hip remodeling, or realignment are carried out 
annually and will increase in next few decades. Manufacturing of acetabular shells by 
using AM is a promising and emerging method that has a great potential to improve 
public health [3, 4]. Lost wax casting or investment casting is currently used to 
produce acetabular shells followed by lengthy and complex secondary processes such 
as machining. These methods suffer from dimensional deviations such as roundness, 
especially in the fabrication of spherical shapes. AM by coupling to CT images is a 
suitable treatment planning tool in complex cases to enhance the quality of surgical 
procedure and long-term stability using a customized shape and size of the 
acetabular shell [5]. 
Surface roughness plays an important role in the wear of an acetabular shell and its 
corresponding spherical femoral head. According to the standards, the average 
surface roughness (Ra) must lie within 0.02 and 0.03 μm to keep wear within 
acceptable limits. This is a critical factor in the material, construction, technology 
development and optimization of the acetabular shell [6]. Investigation on Co-Cr-Mo 
showed various factors such as clearance, head size, carbon content, and 
manufacturing method had an influence on metal-on-metal wear behavior. This 
study proved that for an implant with a diameter of more than 36mm, if the 
lubrication was not present for the whole surface, wear might increase. Smaller 
clearance and smoother surfaces may, therefore, decrease running-in wear [7]. 
Resurfacing of a series Co-Cr alloy implants showed that radial clearance varied 
between 49.47 and 120.93 μm and the implants were divided into three groups (low, 
medium and high clearance). Due to the modular component of Biosurf the thickness 
of acetabular shell was significantly thinner (1.5mm), while the range of thickness 
differed from 3.1 to 5.6mm and normally this thickness was associated with the area 
of measurement. Also, the roughness and roundness of samples were obtained in the 
range of 0.02-0.036μm and 0.9-7.3μm respectively. It was concluded that lower 
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clearance, surface roughness and higher sphericity led to a reduction of wear rate [8]. 
Study on the manufacturing of Ti-6Al-4V hip stems using electron beam melting 
illustrated considerable promise for the manufacturing of near net shape orthopedic 
implants with tailored material properties. Indeed, finite element method (FEM) 
modelling using non-stochastic mesh structures showed that stems with a lower 
bend modulus led to a higher stress distribution in the proximal portion of the femur 
and decreasing amounts of bone remodeling [9]. 
Investigation of the microstructure and mechanical properties of Ti–6Al–4V produced 
by the LENS (Laser Engineered Net Shaping) process showed that compared to 
conventional wrought and cast methods the hardness and tensile strength increased. 
Hardness increased from HRC 37 to 57, tensile strengths from 0.9 to 1.45 GPa and 
decreased break elongation from 14% to 11%. Moreover, In SLM of Ti–6Al–4V at the 
high heating rate it was reported that the intermetallic phase Ti3Al was precipitated. 
Similar results have been reported for Ti-6Al-7Nb [10-12]. SLM is sensitive to building 
parameters such as hatch spacing, scanning speed, laser power and layer thickness. 
Optimization of these parameters increased mechanical properties of the produced 
parts. Powder consolidation and post process operations such as heat treatment can 
also be effective [13-17].   
Various powder consolidation methods are used in additive manufacturing such as 
chemical binding, liquid phase sintering, solid state sintering, partial melting, and full 
melting. For each category of materials such as metals, polymers, composites, as well 
as ceramics, the most suitable consolidation methods must be selected. Also, 
material properties and composition play an important role for consolidation in 
additive manufacturing [18]. Heat treatment in argon and vacuum environment with 
temperatures ranging from 7500C to 10500C has been recommended to improve 
mechanical properties by refining grain size microstructure and reduction of internal 
stress. Mill annealing has been shown to decrease the effects of thermal shocks, 
stresses and deformation which were common factors contributing to failure. 
Furthermore, this heat treatment was shown to recrystallize the α phase and created 
an exclusive bimodal microstructure consisting of coarse crab-claw-like primary α and 
fine lamellar transformed β phase which improved the mechanical properties and 
uniformity of samples [19, 20]. 
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As a technology under development, the intricate SLM processes for producing Ti-
6Al-4V parts are not yet fully understood. Thus, in this paper possible limitations in 
fabrication of acetabular shells such as unstable surfaces, cracks, powder 
stopping/change lines and other factors will be outlined. We will follow with advice 
on how to optimize the SLM production process and subsequently enhance the 
quality of custom implants using Ti-6Al-4V.  
 Materials and methods 
 Design and manufacturing acetabular shell  
The acetabular shell was designed using the SolidWorks parametric modelling 
software as a near net shape. This is illustrated in Figure 4-1 in different views. It has 
3 holes to fix onto the human bone and is a design that can be based on different 
people’s skeleton to result in a better fit, kinematics and comfort.  
 
Figure 4-1 Designed acetabular shell using SolidWorks software 
 
In laser forming, the quality of produced parts is associated with the dimension of the 
focused laser spot size, scanning speed, laser power, the size of the powder particle, 
layer thickness, process atmosphere conditions and track overlap. 
The equiaxed Ti-6Al-4V (Grade 5) powder was used as a stock material for the SLM 
machine and was produced by plasma atomization process (Figure 4-2 (A)). Samples 
were produced inside an SLM 125HL that is equipped with an YLR-Faser-Laser. Table 
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4-1 and Figure 4-2 (B-D) show the system parameters and different steps of SLM 
operation for fabrication of an acetabular shell. In order to obtain fully dense and 
high-quality samples, a meander pattern scanning that rotates 90° between each 
layer in continuous mode was used.  
Table 4-1 SLM system parameters 
System Parameters Value 
Laser Power 100 W, YLR-Faser-Laser 
Min. Scan Line / Wall Thickness 120 µm 
Operational Beam Focus Variable 100 µm 
Scan Speed 700 mm/s 
Hatch spacing 75 µm 
Layer thickness 30 µm 
Laser spot size  0.2 mm 
Inert Gas Consumption in Operation Ar , 0,5 l/min 
Inert Gas Consumption Venting Ar/N2 , 1000 l @100/min 
Wavelength 1070nm 
 
Figure 4-2 (A) Ti-6Al-4V powder, (B) CAD, (C) SLM process, (D) produced prototype  
The finalized spherical shape should approach that of a perfect sphere as much as 
possible to give the best interface fit. Resurfacing investigations on different implants 
showed a deviation of roundness of less than 10 μm. Alicona Infinite Focus profile-
meter was used to check the roundness of printed samples. Figure 4-3 illustrates the 
deviation of the produced sample from the base circle (the circle that was drawn by 
profilometer software to measure the roundness) and as it can be seen, the 
maximum deviation is approximately 1.8μm and dimensional measurements showed 
1.59% and 0.27% differences between the designed and produced samples for inside 
and outside diameter respectively. The measurements, therefore, indicate the 
accuracy of the SLM method for fabrication of acetabular shells to be acceptable for 
this application [6].  
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Figure 4-3 Deviation between base circle and curved inner surface of acetabular shell   
In SLM the build substrate is a plane that has the same material as the prototype that 
is being built. The part is ‘welded’ to this plate and this prevents any movement 
during the deposition and must be removed after the primary fabrication process by 
a cutting operation such as wire-cut (wire electro discharge machining, WEDM).  
 Limitations in Fabrication 
Limitations of the SLM production process can be attributed to the variation of build 
parameters, material, geometry and size of the prototypes. In the fabrication of 
acetabular shells, it was found that unstable surfaces, cracks, powder 
stopping/change lines and surface quality were key limitations in the process and are 
discussed below.   
 Unstable surfaces 
A combination of forces during the early stages of the build process can cause 
warping and, to prevent this, supports are added by the SLM software. The reason 
for this instability is explained by the following: 
The interaction between the mass and hot-melt adherence (viscosity) results in 
dynamic shear (DS) between particles leading to instability during manufacturing of 
prototypes and has been observed for solidification in melting [21]. Gravity force on 
particles is analyzed on Equations 1-6 and DS forces are discussed in Equations 7 and 
9. 
Equation 1 is the simple concept of trigonometry theory: 
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0.5 2 0.5Sin    (1) 
Equation 1 is valid in first and third quarter of trigonometric circle so Equation 2 is 
derived:  
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(2) 
In Equation 2, values ranging between 1800 and 2700 is impossible in engineering and 
fabrication. By determining W as the weight of particles, Equation 3 is obtained from 
Equation 2:  
2 .WSin Cos W    (3) 
By using a primary concept in trigonometry, Equation 4 is obtained as follow: 
2 22 . ( )WSin Cos W Sin Cos      
(4) 
Now with determining θ as the angle between the acetabular shell surface and 
horizontal line on the build substrate according to Figure 4-4 force decomposition is 
carried out. 
 
Figure 4-4 Force decomposition 
By decomposition of weight force to the components, according to Figure 4-4, it can 
be seen that Wx, Wy, Wxx1, Wxx2, Wyy1 and Wyy2 are calculated. 
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In this step total horizontal Wxxt and vertical Wyyt force components are calculated 
from Equations 5 and 6: 
1 2 2 .xxt xx xxW W W WCos Sin     (5) 
2 2
1 2 ( )yyt yy yyW W W W Sin Cos      
(6) 
With reference to Equation 4 it is mentioned that Equation 5 is smaller than Equation 
6 by determining one of the four ranges for θ. So, it is understood that the total 
vertical component of weight force Wyyt for 0<θ<450, 450<θ<900, 1800<θ<2250 and 
2250<θ<2700 is higher than horizontal force component Wxxt. Simply it is mentioned 
that this angle cannot be in the range of 1800 to 2700.  Therefore, one of the other 
ranges must be selected with the DS force analysis being used to choose the 
appropriate process because of wet condition in the melting operation. Viscosity 
friction relations and force decomposition are illustrated in Figure 4-5 with the 
following equations.   
In the SLM operation, due to the presence of high temperature, particles exhibit 
viscous shearing flow in the primary stage of shaping, easily sliding over each other. 
In this situation, resistance to shearing flow in adjacent layers results in parallel 
sliding, termed ‘shear viscosity’.  
 
Figure 4-5 Dynamic shear force between layers 
According to Newton’s theory and local shear velocity that shows by , Equation 7 is 
obtained: 
Sp Sp Sp
Sp ( i j k)
x y z
  
  
    
    
 
(7) 
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Where Sp is velocity and μ is the friction coefficient. Assuming two-dimensional 
movements for melted particles Equation 8 is found: 
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(8) 
Now according to Figure 4-5, dynamic shear force, FDS, is decomposed to the 
components that are FDSY and FDSX. Also, FDSY tries to detach particles from each other 
but FDSX pushes them together, helping consolidation during fabrication (Equation 9).  
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(9) 
Based on the above discussions and Equations 2 and 9 the range of suitable angles in 
SLM is defined as 0<θ<450, illustrating the interaction of two forces; weight and DS. 
Therefore, this mathematical proof shows the necessity of using supports for 
overhanging angles ranging from 450<θ<900 which is a limitation of SLM when 
manufacturing an acetabular shell.  
To prove the above mathematical equations, experimental tests with angles lower 
and higher than 450 were carried out. 
Figure 4-6 (A-D) shows supports that were used to prevent instability in SLM 
fabrication of the acetabular shell for surfaces lower than 450. In order to remove the 
effect of the supports, post process operations such as machining are recommended. 
These inevitably increase production cost and time and may cause dimensional 
deviations. Figure 4-6 (E and F) shows a designed and produced sample with surfaces 
higher than 450. No unstable surfaces were observed, proving the obtained equations 
are correct. 
 
 
161 
 
 
Figure 4-6 (A), (B), (C) and (D) Supports and unstable surfaces (E) and (F) sample with 
angled surfaces 
 Cracks 
Cracks occur due to solidification, cooling and internal stresses (that are related to 
contraction) and shows defects in operation. 
According to Figure 4-7, large cracks appear on the outer surface of the acetabular 
shells that can be related to the high temperature and the mass of the produced 
sample. The Ti-6Al-4V samples produced by SLM has high ultimate strength of around 
1200 Mpa (compared to wrought prototypes having 1000 Mpa) and the interaction 
of this strength and thermal stresses at high-temperature lead to increasing the 
contraction elongation. Another reason for outer cracks appearing may be related to 
the thermal elongation of Ti-6Al-4V.  
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Figure 4-7 Cracks on the inner and outer surfaces 
According Equation 10 thermal volumetric expansion is obtained: 
1
v v
dv dv
dt
V dt V
   
 
 
(10) 
where, αv , is the volumetric expansion coefficient as a function of temperature, T. By 
integrating, volumetric thermal elongation is found in Equation 11: 
0 0
0 0
(T) (T)
f fT T T T
v v
T T
dV V
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 
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(11) 
where T0 and Tf are initial and final temperatures respectively and with regards to the 
isotropic structure of samples in terms of thermal expansion in SLM [10, 22, 23] and 
high melting temperature of Ti-6Al-4V, Equation 12 is derived from Equation 11: 
0
0
3 3 (T)
fT T
v L L
T
V
dt
V
  


   
 
 
(12) 
Also, it was proved that the [24] linear expansion coefficient of Ti at temperatures 
higher than 22000C [25] is about 6 times more than room temperature so λ coefficient 
is defined higher than 6 and considering αm as a linear expansion coefficient in 
melting temperature Equation 13 is found: 
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(13) 
From Equation 13 it is noted that the risk of cracks at high temperature rapidly 
increases due to simultaneous increasing in the range of the integral’s intervals and 
the value of λ. It can be seen that the possibility of deep cracks appearing in SLM 
compared with linear cracks on cold working is increased by more than 18 times.  
 Powder stopping/change line 
Interruption of the powder feed system during build makes visible distinguishing lines 
on the surface of the sample that is solvable by machining or material removal 
processes. This problem can occur when machine operation is temporarily stopped 
or when the powder hopper is incorrectly or not fully filled. The powder 
stopping/change line on internal surfaces of the samples results in a groove line while 
a ridge is observed on the outer surface. The reason for these phenomena may be 
related to the temperature in curvatures of the acetabular shell and thermal 
relations. In order to determine the powder changing process and its effects on the 
surfaces of the acetabular shell, curvatures solidification theory such as planar and 
curved interfaces, kinematics of interfacial deformation, interfacial energy and 
Gibbs–Thomson effect are discussed. Based on experimental results mathematical 
relations can then be proposed.    
 
Figure 4-8 Mean curvature on surface element  
Curvature, K, is a geometric characteristic of a plane curve which calculates the 
instantaneous variations in the orientation angle Δθ of the normal vector with 
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respect to the displacement along the curve’s arc length, Δs that is d
ds
 . In 
curvatures such as the acetabular shell (Figure 4-8), two coefficients of the surface 
tensor that are defined along a surface coordinate are mean and Gaussian curvatures 
and are shown in Equations 14-16 [26]. 
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(14) 
Thickness plays an important role in solidification, thermal stresses and elongations 
for two samples with the same inner radii. This phenomenon in the acetabular shell 
surfaces is associated with the mean curvature, ρ, that relates to the change in the 
area, A, of a moving interface, to the volume, V, swept out by a curved interface 
growing normal to itself (Equation 15). 
1
( )
2
A
V


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(15) 
The mean surface curvature,  , has a unit of (length)-1, while the Gaussian curvature 
that is defined according to Equation 16 bears different unit (length)-2. The 
geometrical coefficient, Ω, related to the rate of changing in the spatial orientation 
(solid) angle, is defined by the following relation.  
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(16) 
Now by using governing relations on equilibrium at curved interfaces and Gibbs-
Thomson effect, in order to analyze the value of thermal stress on the inner and outer 
surfaces of the acetabular shell, the equilibrium temperature is calculated. The Gibbs 
free energy is identified by, G, which is calculated from Equation 17. In SLM process 
for fabrication of acetabular shell, the melting pressure was constant so the 
volumetric and areal free energy coefficients were found on the RHS of Equation 17. 
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where U is the internal energy, P is pressure, V is volume, T is the temperature, S is 
the entropy and H is the enthalpy. Transformation from liquid to solid in constant 
pressure during acetabular shell fabrication leads to free energy changes in each 
phase per unit volume so Equation 18 is derived: 
( ),( , )
m
i i
Ti
i i
G S
T T i s
V

   
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(18) 
where 
mTi
T is Ti melting temperature, index of, s, is a solid phase and, , is a liquid 
phase. The energy equal to the surface tension at an interface is called interfacial 
energy and is shown by   that is obtained by differentiated free energy of area 
(Equation 19): 
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(19) 
In freezing or melting of the acetabular shell, surface mass is conserved so the 
number of atoms moved to, or from, one phase sV (solid/liquid) must be opposite or 
the same to the number moved from, or to, the other [26]. Equation 20 shows mass 
conservation for solidification in SLM process: 
1 1S
s
dV dV
dt dt
 
 
 
 
(20) 
The rate of Ġ is associated with both area and volume changes that are naturally 
related to the deformation and motion of the curved surface illustrating the physical 
crystal-melt interface. If in this situation the variation of total free energy for a 
moving curved interface becomes zero then T is converted to equilibrium 
temperature (Teq). By supposing monotone movement on the surfaces of acetabular 
shell Ġ=0 then by substitution Equations 18 and 19 on Equation 17 the following 
relation is obtained (Equation 21): 
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In Equation 21 the rate of melting or freezing has value, while free energy changing 
rate must be zero and in order to satisfy this requirement the amount of bracket must 
be zero, so by substituting Equations 14 and 15 in Equation 21 and determining ΔSf= 
S - Ss as a molar entropy of fusion Equation 22 is obtained for equilibrium 
temperature of acetabular shell fabrication on SLM process.  
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(22) 
Figures 4-1 and 4-2 show that the curvature surfaces of designed acetabular shell are 
symmetric so R1=R2 then the final equation for equilibrium temperature according to 
Equation 23 is:  
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(23) 
From above equations, it is mentioned that by increasing radii (moving from inner 
surface to the outer) the value of   decreases and the RHS of Equation 23 increases 
and subsequently, Teq will increase. Therefore, according to Equation 24 by 
determining ΔT=Teq-Tr (Tr is room temperature) thermal stress σth will increase by 
growing radii. 
1
th
E T
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  
(24) 
where, E, is elastic modulus and ν is Poisson’s coefficient. In other words, thermal 
stress on curvatures flows from inner surfaces to the outer surfaces. This 
phenomenon can be explained by the powder stopping/change lines on Figure 4-9. 
Tensile stresses lead to a groove on the inner surfaces while compressive pressure on 
the outer surfaces push extra powder in powder stopping/change line outwards and 
a small ridge of 15µm is observed on Figure 4-9.  
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Figure 4-9 Powder stopping/change line effects 
 Surface quality and post processing operations 
The surface roughness of the acetabular shells is difficult to measure due to 
geometric curvatures. Residual particles are often seen on the surfaces as illustrated 
on Figure 4-10 which decrease the surface quality ranging from 8-17 μm, which is 
considered poor for this application.  
The reason for this particle adhesion may be related to the number of layers that are 
built on curvatures compared to flat surfaces. On flat surfaces, a small amount of the 
powders adhere to a single layer, whereas for curvatures a larger amount of powder 
is collecting at the 30μm layer boundaries.  
 
Figure 4-10 (A) Residual powders on the curved surface (B) flat surface 
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To increase the quality of the produced samples post process operations such as 
machining is advised. Clamping these samples by milling vise is not possible due to 
the spherical surfaces of the part making it difficult to prevent any movement around 
and along all machining axes. In this case for internal and external surfaces, two 
different fixtures will be needed and by changing the sample diameter (after each 
machining pass or for different patients with different hip size) new fixtures must be 
used or another solution may be required using flexible fixtures that need accurate 
design, thus increasing the cost of production.  
 Results and Discussion 
In order to characterize the production issues of an as-built Ti-6Al-4V acetabular shell 
produced by SLM and to optimize the fabrication process, different analyses have 
been carried out. The main phenomena leading to failure are discussed in this 
section.   
 Unstable surfaces 
As discussed on section 3.1 the combination of dynamic shear forces between 
hatches and gravity forces result in unstable surfaces that can be compensated by 
changing the design and avoiding surfaces with lower than 45 degrees. The 
production time for each sample with and without using supports were 1:35:53 and 
00:47:50 respectively. Indeed, regardless of fabrication with supports or angled 
surfaces (450<θ<900) material removal processes are needed to obtain spherical 
surfaces. Post-processing operation for cleaning supports based on cutting conditions 
takes 45min to one hour for each sample, which is the same as for a sample with 
angled surfaces. In addition, a small, lentil-shaped platform is needed along with the 
supports of 2 to 3mm thickness to stabilise the sample, which in turn increases the 
machining time. The purpose for this increase in the printing process is to create a 
net-like structure that reduces the scanning velocity and subsequently increases 
consumed fabrication energy Ef based on Equation 25.  
l
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s s l
P
E
h t
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where Pl is the laser power (Js-1), tl is the thickness of layers (m), hs is the hatch spacing 
(m) and νs is scanning velocity (m,s). Figure 4-11 shows the net-like structure of 
supports and it can be observed that this structure has hollow walls that cause 
reduction of scanning speed. 
 
Figure 4-11 Net-like structure of supports 
Another problem for using supports is the considerable value of any residual powder 
imprisoned in the net-like structures. After wire cutting, they are useless due to 
contamination so this phenomenon increases the wastage of powder and production 
cost.  
 Cracks 
In SLM fabrication of acetabular shells, the build substrate is welded to the sample 
and decreases degrees of freedom (DOFs) so, due to high thermal expansion the 
interaction of contraction forces and substrate resistance may result in cracks.  
Impurities in SLM powder or within the chamber lead to hot cracks because in this 
situation solidification happens in the wider temperature range instead of at a single 
point. Furthermore, more impurities can lead to lower solidification temperatures 
and these impurities move to grain boundaries because these areas are the last 
points in solidification[27, 28]. Generally, during the cooling process grains become 
solid sooner than boundaries and float on the melting area. By continuing the cooling 
process, grain boundaries become semisolid and, under tensile forces (that are 
produced on contraction), cracks appear in these areas. Figure 4-12 (A) shows 
lamellar α+β microstructure of produced specimen and impurities that stay on grain 
boundaries.  
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In SLM high thermal gradient in the liquid phase [29] and destabilization of the 
solidification lead to a transition from a planar to cellular or dendritic solidification. 
This phenomenon leads to decreasing grain size and approximate 20% increasing 
strength (Figure 4-12 B). Grain boundaries tend to decrease the electrical and thermal 
conductivity of the material and Ti has low thermal conductivity (21.9 W·m−1·K−1). 
Therefore, the combination of these four factors including small grain size, low 
thermal conductivity, low elongation and high volumetric expansion (Equation 13) 
lead to micro cracks and cracks in the fabrication.  
 
Figure 4-12 (A) EBSD image lamellar α+β microstructure and impurities on grains (B) Stress 
and elongation diagram 
Another reason for cracks is the geometry of the shell because, according to Equation 
26, increasing radius has a direct relation with thermal stresses. In this operation, 
small cracks appear when producing samples with higher than 45mm diameter, and 
heat treatment and post-processing such as machining operations are suggested for 
removing them.   
m
s s
th Ti r
f
E
T T
S R




  
 
2
[ ]
1  
 
(26) 
In addition, Figure 4-7 shows a big crack on the inner surface of the acetabular shell 
that didn’t appear during the SLM production operation. It may be a cold crack that 
appeared after solidification. The main reason for this crack is probably hydrogen that 
was produced during the build operation or due to evaporation [14]. In this 
experiment, this crack is exactly sited on the powder change line and has 50μm 
depth.  
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 Powder stopping/change line 
Lines due to interruption of the process are another issue observed during the 
fabrication of the acetabular cup. According to Equation 17 Gibbs free energy is 
related to entropy and by determining Q, as transferred heat into the system, CP as 
specific heat capacity and m as mass, from Equation 27 entropy is calculated:  
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(27) 
By substitution Equation 27 on 17 and 19 Equation 28 is obtained: 
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(28) 
Now by increasing mass (outer surfaces) through small changes for density Gibbs free 
energy and subsequently interfacial energy increase. Interfacial energy quantifies the 
disruption of intermolecular bonds that occur when a surface is created so by 
increasing interfacial energy according to Equation 23,   increases. Molar entropy of 
fusion is obtained from Equation 29: 
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(29) 
where, Tv is vaporization temperature and Cp is specific heat capacity. By substituting 
equation 27 on 29 molar fusion entropy is defined according to the following relation: 
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(30) 
Equation 31 is derived from Equation 23, 24 and 28-31 and shows by increasing mass 
(outer surface) as mentioned   increases. By determining Equation 31 the growth 
rate (the power) of m, in numerator and denominator is the same but the value of 
radii R, increases in the outer surface, therefore,   is decreased and equilibrium 
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temperature and thermal stresses increased. Consequently, it is understood that due 
to thermal stresses and interfacial energy the flow of stress moves from the inner 
surface (tensile) to outer (compressive) so visible lines appear on the surface of 
produced prototypes. 
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 Residual particles 
Residual powders are more obvious in outer/inner surfaces compared to the 
uppermost layer and this is related to the following points. 
Micro motion of particles due to gravity force in lateral surfaces has the effect on 
cooling procedure so the number of particles remaining on these surfaces is higher 
than the flat (uppermost) surface. Figure 4-13 (A-B) shows the solid particles flow 
toward the lowest point while almost no flow is observed on flat surfaces.  
Another reason for more residual powder on lateral surfaces is related to the 
difference between laser beam diameter and diameter of the effective laser beam. 
According to Figure 4-13 (C) overlap between hatching and the adjacent/contour 
region has the effect of melting remaining powders in previous hatches in the same 
level. However, this overlap does not have an effect on lateral surfaces because the 
distance of particles on lateral surfaces is more compared to the particles remaining 
on the horizontal surface.  
Figure 4-13 (D) shows a remaining particle on a micro crack located on the cross 
section of a sample that can be related to the overlapping area and lack of fusion. In 
this area, the temperature is lower than the area fully covered by the laser beam 
diameter, therefore, some particles remain as un-melted particles.  
Another possible reason for remaining particles on the surfaces may be related to the 
blowing of inert gas on the top surface and moving some particles.      
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Figure 4-13 SEM photo for remained particles on sample cross section 
Figure 4-14, which was obtained from profilometer measurements, show Ra for outer 
surfaces is about 20 times more than flat (uppermost) surfaces. Also, mean roughness 
depth (Rz) for curved surfaces is about 16 times more than the flat area which 
supports the previously discussed theories. Moreover, due to discussed phenomena 
such as higher Gibbs free energy, interfacial energy and successive thermal stresses 
on outer surfaces the roughness is more than inner surfaces.   
 
Figure 4-14 Roughness Profile for inside, outside and flat surfaces 
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 Conclusion 
SLM has high compatibility with 3D drawing, production of near net shape, flexibility 
in shape, ability to design-in porosity, good hardness properties, geometrical 
complexity, and customizability to individual patient data. The mentioned points 
characterize it as a very promising process for the production of prosthetic organs 
such as acetabular shells. 
In the SLM process, due to a high melting temperature of Ti-6Al-4V, large thermal 
gradients occur which lead to the build-up of thermal shocks, elongation, and stress, 
while solidification flow is a segregated phenomenon that increases non-equilibrium 
phases. In this method, process parameters such as laser power, layer thickness, scan 
spacing, scan strategy and scan speed change melting pool, surface roughness, 
porosity and cracks on the surfaces of the prototypes. To improve this process, 
reduce the mentioned problems and enhance chemical properties, mechanical 
properties, surface characteristics, machinability and medical aspects such as 
biocompatibility heat treatments, like annealing and stress relieving, are 
recommended.  
The main limitations discussed in this paper are listed below: 
Unstable surfaces are one of the current limitations in fabrication of acetabular shells. 
Due to a combination of weight and DS forces between particles in solid-melt phase, 
surfaces with lower than 450 (between building surface and horizontal plane) need 
support to increase consolidation which is proved by fabrication of different samples 
with various angles. Use of net-like structures decreases the scanning speed. A 
significant amount of raw powder can be imprisoned in net-like structures which is 
another argument to use supports. By using post-processing procedures such as 
machining, angled surfaces can be removed and completely spherical surfaces 
obtained.  
Cracking is another defect from using SLM that is related to the hot and cold 
environment. Hot cracks are made due to the interaction of contraction forces and 
substrate resistance, impurities, the transition from a planar to cellular or dendritic 
solidification and subsequently decreasing grain sizes, the geometry of produced cup, 
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the rapid increase of thermal expansion coefficient and increasing equilibrium 
temperature and thermal stresses. Cold cracks can be attributed to the existence of 
hydrogen in the SLM operation. 
An interruption in powder delivery leads to visible lines on inner and outer surfaces. 
Increasing mass in curved surfaces results in increasing interfacial energy and thermal 
stresses. Therefore, thermal stress in outer surfaces is compressive, while in inner 
surfaces are tensile. This has been confirmed by experimental results. 
Surface quality is low for as-built samples and residual particles especially adhere to 
curved surfaces and decrease the surface quality which are mainly related to: micro 
motion of particles because of gravity force in inner and outer surfaces, difference 
between diameter of effective laser beam and overall laser beam diameter or overlap 
between hatching and counter region and blowing inert gas. In order to remove 
them, post-processing operations such as material removal processes are needed, 
which are time and cost consuming.  
References 
1. Gibson, I., D.W. Rosen, and B. Stucker, Additive manufacturing technologies. 
2015: Springer. 
2. Gibson, I., Micro Prototyping and Fabrication in Manufacturing, in Handbook 
of Manufacturing Engineering and Technology. 2015, Springer. p. 2551-2566. 
3. Kurtz, S.M., R.A. Gsell, and J. Martell, Crosslinked and Thermally Treated Ultra-
High Molecular Weight Polyethylene for Joint Replacements. Vol. 1445. 2004: 
ASTM International. 
4. Gibson, I., Rapid prototyping: from product development to medicine and 
beyond. Virtual and Physical Prototyping, 2006. 1(1): p. 31-42. 
5. Sanghera, B., et al., Preliminary study of rapid prototype medical models. 
Rapid Prototyping Journal, 2001. 7(5): p. 275-284. 
6. Rosenberg, O., et al., Trends and developments in the manufacturing of hip 
joints: an overview. The International Journal of Advanced Manufacturing 
Technology, 2006. 27(5-6): p. 537-542. 
7. Kretzer, J.P., et al., A meta‐analysis of design‐and manufacturing‐related 
parameters influencing the wear behavior of metal‐on‐metal hip joint 
replacements. Journal of Orthopaedic Research, 2009. 27(11): p. 1473-1480. 
8. Heisel, C., et al., Ten different hip resurfacing systems: biomechanical analysis 
of design and material properties. International orthopaedics, 2009. 33(4): p. 
939-943. 
9. Harrysson, O.L., et al., Direct metal fabrication of titanium implants with 
tailored materials and mechanical properties using electron beam melting 
technology. Materials Science and Engineering: C, 2008. 28(3): p. 366-373. 
 
 
176 
 
10. Murr, L., et al., Microstructure and mechanical behavior of Ti–6Al–4V 
produced by rapid-layer manufacturing, for biomedical applications. Journal 
of the Mechanical Behavior of Biomedical Materials, 2009. 2(1): p. 20-32. 
11. Thijs, L., et al., A study of the microstructural evolution during selective laser 
melting of Ti–6Al–4V. Acta Materialia, 2010. 58(9): p. 3303-3312. 
12. Chlebus, E., et al., Microstructure and mechanical behaviour of Ti―6Al―7Nb 
alloy produced by selective laser melting. Materials Characterization, 2011. 
62(5): p. 488-495. 
13. Li, X., et al., Effect of substrate temperature on the interface bond between 
support and substrate during selective laser melting of Al–Ni–Y–Co–La 
metallic glass. Materials & Design, 2015. 65: p. 1-6. 
14. Weingarten, C., et al., Formation and reduction of hydrogen porosity during 
selective laser melting of AlSi10Mg. Journal of Materials Processing 
Technology, 2015. 221: p. 112-120. 
15. Zhang, L., et al., Manufacture by selective laser melting and mechanical 
behavior of a biomedical Ti–24Nb–4Zr–8Sn alloy. Scripta Materialia, 2011. 
65(1): p. 21-24. 
16. Santos, E.C., et al., Rapid manufacturing of metal components by laser 
forming. International Journal of Machine Tools and Manufacture, 2006. 
46(12): p. 1459-1468. 
17. L.C. Hieu and N. Zlatov, J.V.S., E. Bohez, L. Khanh and P.H. Binh, P. Oris, Y. 
Toshev, Medical rapid prototyping applications and methods. Assembly 
Automation, 2005. 25(4): p. 284-292. 
18. Kruth, J.-P., et al., Consolidation phenomena in laser and powder-bed based 
layered manufacturing. CIRP Annals-Manufacturing Technology, 2007. 56(2): 
p. 730-759. 
19. Vrancken, B., et al., Heat treatment of Ti6Al4V produced by Selective Laser 
Melting: Microstructure and mechanical properties. Journal of Alloys and 
Compounds, 2012. 541: p. 177-185. 
20. Thöne, M., et al. Influence of heat-treatment on Selective Laser Melting 
products–eg Ti6Al4V. in Twenty-Third Annual International Solid Freeform 
Fabrication (SFF) Symposium. 2012. 
21. Altieri, A.L. and P.H. Steen, Adhesion Upon Solidification and Detachment in 
the Melt Spinning of Metals. Metallurgical and Materials Transactions B, 2014: 
p. 1-7. 
22. Zheng, B., et al., Microstructure and Properties of Laser-Deposited Ti6Al4V 
Metal Matrix Composites Using Ni-Coated Powder. Metallurgical and 
Materials Transactions A, 2008. 39(5): p. 1196-1205. 
23. Griffith, M., et al. Free form fabrication of metallic components using laser 
engineered net shaping (LENS). in Proceedings of the Solid Freeform 
Fabrication Symposium. 1996. University of Texas at Austin. 
24. Sun, L., et al., Anisotropic elastic and thermal properties of titanium borides 
by first-principles calculations. Journal of Alloys and Compounds, 2013. 579: 
p. 457-467. 
25. Li, Y. and D. Gu, Thermal behavior during selective laser melting of 
commercially pure titanium powder: Numerical simulation and experimental 
study. Additive Manufacturing, 2014. 1: p. 99-109. 
26. Glicksman, M.E., Principles of solidification: an introduction to modern casting 
and crystal growth concepts. 2010: Springer. 
 
 
177 
 
27. Böllinghaus, T., et al., Hot cracking phenomena in welds II. 2008: Springer 
Science & Business Media. 
28. Lippold, J., T. Böllinghaus, and C.E. Cross, Hot cracking phenomena in welds 
III. 2011: Springer Science & Business Media. 
29. Vrancken, B., et al., Microstructure and mechanical properties of a novel β 
titanium metallic composite by selective laser melting. Acta Materialia, 2014. 
68: p. 150-158. 
 
178 
 
  
Chapter 5. A Survey on Mechanisms and Critical Parameters 
on Solidification of Selective Laser Melting During 
Fabrication of Ti-6Al-4V Prosthetic Acetabular Cup 
This chapter has been published in the form it is presented here.  
Amir Mahyar Khorasani*, Ian Gibson, Moshe Goldberg, Guy Littlefair. “A survey on 
mechanisms and critical parameters on solidification of selective laser melting during 
fabrication of Ti-6Al-4V prosthetic” Materials and Design, 103, 348-355, 2016. 
(Impact Factor: 3.5, Scopus Rank: Q1) 
   
  
 
 
179 
 
AUTHORSHIP STATEMENT 
1.  Details of publication and executive author 
Title of Publication Publication details 
A survey on mechanisms and critical parameters on 
solidification of selective laser melting during fabrication of Ti-
6Al-4V prosthetic acetabular cup 
Accepted in 22/04/2016 
Published in April 2016 
Materials and Design 
Q1 
Name of executive author School/Institute/Division if 
based at Deakin; Organisation 
and address if non-Deakin 
Email or phone 
Amir Mahyar Khorasani School of Engineering, Deakin 
University 
mahyar@deakin.edu.au 
2.  Inclusion of publication in a thesis 
Is it intended to include this publication in a higher 
degree by research (HDR) thesis? 
Yes  
 
 
If Yes, please complete Section 3 
If No, go straight to Section 4. 
3.  HDR thesis author’s declaration 
Name of HDR thesis author if 
different from above. (If the 
same, write “as above”) 
School/Institute/Division if 
based at Deakin 
Thesis title 
Amir Mahyar Khorasani School of Engineering, Deakin 
University 
The Selected Laser Melting 
Production and Subsequent 
Post-Processing of Ti-6Al-4V 
Prosthetic Acetabular 
If there are multiple authors, give a full description of HDR thesis author’s contribution to the 
publication (for example, how much did you contribute to the conception of the project, the design 
of methodology or experimental protocol, data collection, analysis, drafting the manuscript, 
revising it critically for important intellectual content, etc.) 
 
 
I declare that the above is an accurate description 
of my contribution to this paper, and the 
contributions of other authors are as described 
below. 
Signature 
and date 
 
4.  Description of all author contributions 
Name and affiliation of author  Contribution(s) (for example,  conception of the project, design of 
methodology or experimental protocol, data collection, analysis, 
drafting the manuscript, revising it critically for important 
intellectual content, etc.) 
AmirMahyar Khorasani 
 
Mahyar has a contribution to the conception of the project, design 
of methodology, experimental tests, data collection, analysis, 
drafting the manuscript, and revised the manuscript.  
Ian Gibson Ian has a contribution to the conception of the project, design of 
methodology, analysis, drafting the manuscript, and revised the 
manuscript. 
 
 
180 
 
Moshe Goldberg Moshe has a contribution and support for experimental 
equipment.  
Guy Littlefair Guy has a contribution to the conception of the project, design of 
methodology, analysis, drafting the manuscript, and revised 
manuscript. 
5.  Author Declarations 
I agree to be named as one of the authors of this work, and confirm:  
xvi. that I have met the authorship criteria set out in the Deakin University Research 
Conduct Policy, 
xvii. that there are no other authors according to these criteria, 
xviii. that the description in Section 4 of my contribution(s) to this publication is 
accurate,  
xix. that the data on which these findings are based are stored as set out in Section 
7 below. 
If this work is to form part of an HDR thesis as described in Sections 2 and 3, I 
further  
xx. consent to the incorporation of the publication into the candidate’s HDR thesis 
submitted to Deakin University and, if the higher degree is awarded, the 
subsequent publication of the thesis by the university (subject to relevant 
Copyright provisions).   
Name of author Signature* Date 
AmirMahyar Khorasani 
 
 25/11/2016 
Ian Gibson 
 
25/11/2016 
Moshe Goldberg 
 
 25/11/2016 
Guy Littlefair  25/11/2016 
6.  Other contributor declarations 
I agree to be named as a non-author contributor to this work. 
Name and affiliation of contributor Contribution Signature* and date 
   
* If an author or contributor is unavailable or otherwise unable to sign the statement of authorship, 
the Head of Academic Unit may sign on their behalf, noting the reason for their unavailability, provided 
there is no evidence to suggest that the person would object to being named as author 
7.  Data storage 
The original data for this project are stored in the following locations. (The locations must be within 
an appropriate institutional setting. If the executive author is a Deakin staff member and data are 
stored outside Deakin University, permission for this must be given by the Head of Academic Unit 
within which the executive author is based.) 
Data format Storage Location Date lodged Name of custodian if 
other than the 
executive author 
 
 
181 
 
Microsoft office 
Word 
Deakin Library -Research Data 
Store  
February - 
2017 
 
SolidWorks 
file.sldprt 
Deakin Library -Research Data 
Store  
February - 
2017 
 
This form must be retained by the executive author, within the school or institute in which they are 
based. 
If the publication is to be included as part of an HDR thesis, a copy of this form must be included in the 
thesis with the publication. 
  
 
 
182 
 
Abstract                                                                                                                            
                         
Additive manufacturing (AM) includes a range of approaches that correlate with 
computer aided design (CAD) and manufacturing (CAM) by fabrication via precise 
layers and is a promising method for the production of medical tools. In this study, 
different aspects and mechanisms of solidification for curved surfaces based on 
equilibrium at curved interfaces, Monge patch, interfacial and Gibbs energy will be 
discussed. Also, the effect of capillarity, geometry, substrate temperature, cooling 
rate and scanning parameters in the solidification of a prosthetic acetabular cup 
(PAC) using selective laser melting (SLM) is analysed. The contributions of this work 
are analysing solidification and effective factors in this process to produce parts with 
a higher quality and mechanical properties such as strength, strain, porosity, relative 
density and hardness. Results indicate that due to the surface to volume (S/V) ratio, 
and the increasing effect of the radius on Monge patch, thermal stresses and surface 
forces are more prevalent on outer surfaces. Moreover, solidification and mechanical 
properties are related to capillarity, geometry, substrate temperature, cooling rate, 
scanning power and speed. The results also indicate the interaction of solute 
diffusion and heat transfer with interatomic forces in large S/V ratio and at small 
scales tend to improve solidification.  
Keywords 
Acetabular shell, Gibbs free energy, Selective laser melting, Surface energy, 
Solidification, Thermal stress 
 Introduction 
Additive manufacturing (AM) is the engineering name for what is commonly termed 
as 3D printing. The term “3D printing” is used in various applications and industries 
to explain a rapid fabrication process which is moving directly from CAD to CAM [1]. 
In AM, artefacts are fabricated by adding thin layers of material and in this way 
complex and intricate shapes can be produced in one production process. AM has 
high applications in a variety of industries such as aerospace, automotive, 
manufacturing, architectural, micro-prototyping and so on [2]. With polymers, long-
chain molecules are formed primarily by carbon-to-carbon bonds and these are 
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mostly using to fabricate parts in AM. However, the number of parts produced using 
metal AM techniques is increasing dramatically due to recent improvements in 
mechanical properties [3, 4].  
AM is a highly suitable method of producing medical parts such as implants, complex 
scaffolds and even forensics and, as a result, the overall quality of medical services 
have improved [5, 6]. For a better understanding of medical issues surgeons and 
doctors might prefer to have a physical model instead of looking images on the 
screens. AM has the potential to produce parts directly from CT and MRI images. 
Likewise, another significant effect of AM is in speeding up the production procedure 
and thus decreasing waiting and surgery time per procedure and during care regimes 
[7, 8]. The prosthetic hip roundness and roughness of the cup and femoral head must 
lie within the range of 0.9-7.3μm and 0.02-0.036μm respectively. The wear rate in a 
hip joint is highly related to clearance, surface roughness and sphericity of the 
femoral head and acetabular shell [9].  
SLM is one of the emerging and promising methods of AM that has found usages in 
widespread industries, such as medical fields, biofabrication, implants, fabrication of 
skull and soft tissue, prosthetic knee and hip in recent years [10-12]. Producing parts 
using SLM results in both a variable microstructure and mechanical properties [13-
16]. Studies on the microstructure and mechanical properties of Ti alloys produced 
by electron beam melting and SLM showed increases in hardness and tensile strength 
compared to conventional wrought and cast products. The reason was associated 
with epitaxial growth and production of (α ’ )  HCP martensite phase in the process. 
In the SLM operation, the direction of the grains has a direct correlation with the 
process parameters. SLM produces homogeneous parts, and it is reported that to 
increase the homogeneity, increasing laser power would be beneficial [17-20]. Also, 
adding 10 wt% Mo to Ti-6Al-4V resulted in a novel microstructure consisting of a 
titanium matrix with Mo participates. Heat treatment for the mentioned alloys and 
their substrate at transus temperature showed that evaluation of tensile properties 
compares to wrought production and better elongation properties [21, 22].  
The geometry of crystal-melt interfaces affects the SLM solidification process and 
crystal growth. Furthermore, the high melting (2436 C0) and solidification 
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temperatures (1616 C0) and heating/cooling rate make it difficult to predict the 
behaviour of material during and after solidification especially for complex parts [23]. 
Solidification of the melt pool, residual properties and layer distribution state are 
dependent on the part geometry, part orientation and SLM settings. In SLM, thermal 
shrinkage occurs immediately after melting powders and the value of shrinkage 
increases as a function of increasing power and decreasing scanning speed [24]. 
Enriching hydrogen in the melt pool during solidification of SLM parts increases the 
chance of generation of pores if the local hydrogen value is higher than the maximum 
solubility in the liquid phase. Losing density and reduction of tensile stress are the 
results of pores in solidification of SLM [25]. Li et al. [26] studied the effect of 
substrate temperature on final solidification and microstructure of Al–Ni–Y–Co–La 
and found that the interface bond between metallic glass directly related to substrate 
temperature. This phenomenon can be related to different cooling rate (on account 
of substrate temperature) in the solidification process. Investigation on melt flow and 
solidification on SLM Ti–6Al–4V was performed by Qiu et al. [27] showing that 
increasing process power and decreasing layer thickness and scanning speed resulted 
in surfaces with the lower pores. Pores are ascribed to unstable melt flow and 
splashing of melted powders and described as one of the reasons for rough surfaces 
in as-built prototypes. Also, scanning speed was reported as one of the most 
important parameters in solidification of Ti alloys in SLM and mechanical properties 
are related to the value of this parameter [28, 29]. High cooling rate and entrapping 
gas in powder material during solidification of SLM leads to residual stress and the 
formation of cracks and pores and is a well-known problem in SLM [30]. Attar et al. 
[29] investigated solidification of Ti-B in SLM. Their research showed that 
solidification enrichment by elements increased constitutional supercooling leading 
to unstable solid-liquid phase and increased driving forces for nucleation of fine 
grains. Finer grains are also ascribed to the higher cooling rate in SLM (103-108 K s-1) 
and rejecting B from solid-liquid that resulted in Ti nucleation restriction.  The 
significant key differences in printing near net shape and simple parts can be related 
to the geometry and subsequently thermal stresses. Another important factor is 
unstable surfaces that due to a combination of weight and dynamic shear force 
between particles in solid-melt phase, surfaces with lower than 450 (between 
building surface and horizontal plane) need support to increase consolidation. 
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Micromotion of particles due to gravity force in lateral surfaces in complex parts has 
the effect on cooling procedure, so the number of particles remaining on these 
surfaces is higher than the flat (simple prototypes) surface [31, 32]. 
As a technology under development, the intricate solidification processes for 
producing SLM prototypes with complex shapes are not yet fully understood. In this 
paper, to characterize the solidification of PAC produced by SLM, an analytical 
solution based on equilibrium at curved interfaces, Monge patch, interfacial and 
Gibbs energy has been developed. Then the effective parameters such as capillarity, 
geometry, substrate temperature, scanning parameters and cooling rate on 
solidification process will be analysed.   
 Materials and methods 
 Computer aided design for prosthetic acetabular cup  
SolidWorks parametric modelling software was used for designing the PAC. Based on 
CT scan and X-ray images this design is flexible regarding dimensions for different 
human skeletons to make the best fit, kinematics and comfort.  
 Powder material and SLM operation 
Spherical and equiaxed Ti-6Al-4V powder produced by plasma atomization that is 
shown in Figure 5-1 (A) was used as a stock material for the SLM machine. SLM 125HL 
equipped with a YLR-Faser-Laser, with a minimum spot size of 5 μm, the maximum 
laser power of 200W and wavelength of 1070 nm,  in continuous laser mode was used 
to fabricate the PAC. Figure 5-1 (B-D) shows CAD-CAM processes and the produced 
PAC (near net shape). Meander scanning pattern was used to obtain fully dense and 
high-quality samples. In SLM, the quality of printed samples is related to scanning 
speed, laser power, layer thickness, the quality of the powder, laser spot size and 
overlap between hatching and contour region. Table 5-1 shows process parameters. 
Table 5-1 Process parameters for SLM operation in PAC 
System Parameters Value 
Laser Power 100 W, YLR-Faser-Laser 
Build Speed 15 ccm/h 
Min. Scan Line / Wall Thickness 120 µm 
Operational Beam Focus Variable 100 µm 
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Scan Speed 700 mm/s 
Hatch spacing 75 µm 
Layer thickness 30 µm 
Laser spot diameter  0.2 mm 
 
Figure 5-1 (A) SEM image of powder morphology and size (B, C) CAD-CAM process (D) 
printed sample 
Micro-motion of bio-implants after implantation leads to the formation of fibrous 
tissue and the rejection response from the human body. To prevent these problems, 
the shape of the cup should be completely spherical. Based on standards, the 
deviation of sphericity must be less than 10μm and measurements showed a 
maximum of 1.3μm deviation for internal surface and 1.59% and 0.27% differences 
between the designed and produced samples for inside and outside diameter 
respectively. This result confirms the accuracy of 3D printing for the production of 
the PAC [33].  
 Solidification 
Solidification of PAC in SLM is a function of different factors including capillarity, 
geometry, undercooling, process parameters and cooling rate. The mentioned 
factors are defining by Monge patch, Gibbs and interfacial energy, equilibrium 
temperature and thermal stress which is discussed in this section.   
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 Monge patch on curvatures 
In solidification of PAC solubility and subtle shifts in equilibrium temperature at 
curved crystal-melt interfaces and related microstructural changes such as texture 
modification and phase coarsening are associated with capillarity.  
The so-called capillarity phenomenon is related to the geometrical properties of 
interfaces and surfaces such as length, area, volume and slope of the curves. This 
phenomenon is significant to describe the thermodynamic behaviour of systems. 
Figure 5-2 shows Monge coordinate or three-dimensional surface element. The 
Monge patch allows explaining curvatures at every point on the internal and external 
surfaces of the PAC by determining geometrical and topological properties. 
 
Figure 5-2 Monge patch on the external surface of the PAC. N is surface normal coordinates 
(u, v), T(u) and T(v) are orthogonal surface tangent vectors to N 
In analytical solutions of solidification in curvature, a geometric characteristic of a 
plane curve, K, calculates the prompt variations in the orientation angle Δθ of the 
normal vector. By supposing displacement along the curve’s arc length, (Δs) curvature 
is calculated according to Equation 1.   
 i
dk
ds
k R
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k
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 
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(1) 
In the solidification of PAC mean curvature is defined as the coefficient of surface 
tensor along a surface coordinate that is determined from Equation 2 [34]. In the SLM 

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process of PAC regarding the performed sphericity measurements, we can conclude 
that R1=R2 and K1=k2 so:  
 itr K
R
  
1 1
2  
(2) 
In Monge Path, the fraction of changing in the area, A, to volume, V, of a moving 
interface swept by curved interface growing normal to itself is explained by mean 
curvature and is directly related to the thickness of printed samples (Equation 3). 
A
V
1
( )
2

 
  
 
(3) 
In the solidification process, Gaussian curvatures are defined as a determinant of the 
curvature matrix and produces a differential coordinate patch, subtended spatial 
orientation angle Ω regarding its change in area (Equation 4). 
A



  
(4) 
Due to the spherical topology of the PAC variation of spatial orientation angle to the 
surface is constant, so it is concluded that Gaussian curvature is zero [34]. 
 Interfacial energy in SLM solidification of Ti-6Al-4V 
According to Gibbs theory, liquid and solid phases in heterogeneous thermodynamic 
equilibrium need a transition zone that is termed a “dividing surface”. In the SLM 
processing of the PAC, we assume dividing surfaces on the solid-liquid interface to 
simplify our analysis of dynamic interfacial stability. Figure 5-3 shows the solid-liquid 
interface and Gibbs dividing surface in a cross section of the cup. Fluctuation of Gibbs 
energy in the solid-liquid interface leads to a rising energy density because the 
interface material is neither equilibrium liquid nor solid. In the SLM process by 
supposing a constant Gibbs energy density for solid and liquid phases, the dividing 
surface will be converted to a single line as a consequence of collapsing left and right 
edges of the dividing surface. Conservation of distributed free energy produces a 
surface/interfacial energy which plays a significant role in the solidification of PAC. 
In other words, the energy equal to the surface tension at an interface is called 
SL
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interfacial energy or disruption of intermolecular bonds that occur when a surface is 
created.  
 
Figure 5-3 Dividing surfaces on the cross section of the PAC 
In a planar (zero curvature) surface, the location of the dividing surface is insignificant 
because motion or displacement of the flat surface doesn’t affect the area and 
surface energy. In the fabrication of PAC because the radius of curvatures of the 
interfacial structure is larger than 100 atoms spacing we can safely use a classical 
approach to analyse the solidification process. Moreover, in SLM processing of the 
swept volume of the printed cup by an expansion has a direct correlation with 
curvature and displacement. Since the radius of the cup is extremely high compared 
to the width of the interfacial transition area, the precise location can be found for 
the dividing surface, and a small error appears in analytical calculations. Interfacial 
energy is a significant parameter in the analytical solution of solidification for SLM 
parts which is related to Helmholz total free energy/potential. By expanding Cahn-
Hilliard theory for inhomogeneous binary composition systems (α and β phases), 
Helmholtz free energy is explained by even powers of the Taylor series expansion in 
the local concentration CB(x) for, x in the spatial dimension. Supposing classical 
Helmholtz free energy per mole, f(CB(x)), in a homogeneous phase, the number of 
moles in solid-liquid mixture per unit volume, nv, and cross section area of the 
mentioned phases, Ar, total Helmholtz free energy, Ftot can be obtained from 
Equation 5 [34, 35].  
2B
tot r B DR
C
F n [f(C ) S ( ) ...h.o.t]dx
x


  
  
 
(5) 
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Due to the high cooling rate, the gradient term in Equation 5 will appear only in rapid 
phase/structure transformation that is common in SLM [29, 36]. In this fabrication 
process due to (1) trapping gas under powder, (2) high cooling rate and strength, (3) 
brittle structure, (4) low thermal conductivity and (5) smaller grain size the risk of 
energy concentration is higher than the traditional method. Therefore, in Equation 5, 
SDR is defined as surface distraction ratio to compensate the effect of energy 
concentration on interfacial energy. This ratio is defined by comparing average 
roughness of different surfaces for SLM and wrought parts [17, 21, 24, 30].  
Interfacial energy is defined as excess free energy per unit area of the solid-liquid for 
an inhomogeneous system including diffuse boundaries or transition zones (Equation 
6). Indexes, S and , are used for solid and liquid phases respectively. 
i i itot
s , B
r
F
C ( ) dx       i ( s, )     



      
 
 
(6) 
In the fabrication of PAC due to using Ti-6Al-4V two chemical potential coefficients 
will appear on the RHS of Equation 6 that are shown by , , respectively. 
According to Equation 7 Δfi(CB(x)) is the free energy difference between classical 
Helmholtz free energy and compositionally-weighted chemical potentials.  
i i i
i B i B Bf (C ( x)) f (C )  [ C ( )]      i ( s, )           
(7) 
Substituting Equation 5 and 7 in Equation 6 and regarding small changes for the 
binary solution of composition in 2D spatial and ignoring higher order terms for 
Taylor series in Equation 5 interfacial energy can be obtained by Equation 8.  
2B
s , i B DR
C
n [ f (C ( x)) S ( ) ]dx      i ( s, )
x




    
  
 
(8) 
 Gibbs energy and equilibrium temperature 
Equilibrium temperature, Teq, and Gibbs free energy, G, are important factors to 
describe thermal stresses and solidification process on curved surfaces. In 
solidification of SLM, area and volume changes with the motion of Monge patch in 
time and regarding constant working pressure, the time rate of change in free energy 
is determined by Equation 9.     
i

i

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G dV G dAG dVdG
G P T U PV TS H TS G
dt V dt V dt V dt
 
         
    
 
(9) 
Where S is the entropy, T is the temperature, H is the enthalpy, 
V is volume, P is pressure, and U is the internal energy. In SLM solid-liquid phase 
transformation has been carried out at constant pressure that results in changing into 
free energy for each phase per unit volume (Equation 10): [24]  
m
i i
Ti
i i
G S
T T i s
V

   
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( )     ( , )
 
 
(10) 
where is Ti melting temperature that is around 23460 [23]. Derivate of Gibbs free 
energy on area yields interfacial energy (Equation 11): 
i
s
s
G
A



  
 
(11) 
In solidification or melting of SLM by ignoring small values of diffusion, surface mass 
is conserved so the number of atoms moving to, or from, solid-liquid phases  
should be the same. Based on this fact Equation 12 is extracted [34].  
1 1S
s
dV dV
dt dt
 
   
 
(12) 
Deformation and motion on area and volume for the Monge patch show the physical 
crystal-melt interface and determines the rate of Ġ. In constant alternations of free 
energy on the time or in monotone movement on Monge patch, Ġ becomes zero and 
T is replaced by equilibrium temperature (Teq). By substitution of Equations 12 and 
10 on Equation 9 the following relation is obtained: 
m m
m m
s S s
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(13) 
Volume rate of melting or solidification, in Equation 13 has value while free energy 
changing rate should be zero. So to satisfy this situation the value in the bracket 
should be zero, so supposing ΔSf= S - Ss as a molar entropy of fusion and by 
substituting Equations 1 and 3 in Equation 13, the following Equation is derived: 
 
mTi
T
sV
sV
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(14) 
According to 5-2, spatial orientation angle, Ω, for surface normal coordinates by 
supposing completely spherical and symmetric shape for Monge patch is defined as 
Ω= θu×θv= θ2. This Figure also shows Monge Patch length Lmp is calculated as 
so equilibrium temperature is determined by Equation 15 
m
s mp
eq Ti
f
L
T T
S R

 

2
32
 
(15) 
Supposing room temperature Tr, elastic modulus E, Poisson’s coefficient , thermal 
expansion coefficient, αT, and , thermal stresses in solidification is 
determined according to Equation 16. 
T
th
E T




1  
(16) 
In RHS of Equation 16 E, αT and ν are constant for each material. Therefore, thermal 
stress is a function of ΔT and subsequently radius and geometry which will be 
discussed in the next stage.  
 Results and discussion 
Due to various process parameters and the complex behaviour of solidification in the 
SLM, especially for near-net shape productions, the governing scientific relationships 
are still underdeveloped. The main mechanisms to interpret solidification on SLM are 
capillarity, the geometry of intended sample, undercooling, process parameters and 
cooling rate that are discussed in this section. 
 Capillarity  
During solidification of SLM capillarity increases, therefore, the crystal growing trend 
is improved. Capillarity and surface tension change internal surfaces such as 
interphase, anti-phase boundaries, grain and sub-grains, so material behaviour is 
altered during solidification.  
mp uL R R  12 2

  eq rT T T
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Surface to volume ratio S/V is a significant factor during solidification of the PAC in 
SLM because the number of atoms in bulk and surfaces is changed with the 
proportion of m3 and m2 respectively. So, by increasing this ratio capillarity becomes 
a highly important factor in solidification and crystal growth. In this research, three 
samples were printed with different dimensions and different geometrical properties 
that are shown in Table 5-2. The values are related to the hemispherical acetabular 
shell with three holes for screwing to human bone.  
Interaction of the solute and thermal transport with the geometry of the interfaces 
determine the length scale in solidification. Also, the interaction of interatomic forces 
with solute diffusion and heat transfer for small length scale in large S/V value leads 
to solidification and crystal growth. So in this research samples with higher S/V ratio 
had better surface quality (average roughness, Ra) and lower surface cracks as the 
results of small length scale and crystal growth [34]. 
Table 5-2 Geometrical properties of printed samples 
 Geometry of printed sample  
Equation 9 shows the Gibbs free energy is associated with entropy, and entropy is 
obtained from Equation 17.  
Tim
T
p i
p i
S C dT Q
S LnT
m
C Q m T


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
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
0
/
 
 
(17) 
where Q is transferring heat into the system, m, is mass, CP is specific heat capacity 
and T, is temperature. By substituting Equation 17 in 9 and 11 the following equation 
is obtained: 
Sample 
Internal 
diameter 
(mm) 
Inner 
surface 
(mm2) 
Outer 
surface 
(mm2) 
Thickness 
(mm) 
Volume 
(mm3) 
Si/V 
(mm-1) 
So/V 
(mm-1) 
Mass  
(g) 
Ra for 
inner 
surfaces 
(μm) 
1 69 7138.39 12160.33 10 95516.53 0.0747 0.1273 95.52 10.5 
2 37.95 2159.36 3678.5 5.55 15891.52 0.135 0.231 15.89 8.6 
3 30 1349.4 1593.08 2.8 1789.48 0.754 0.8902 1.79 7.41 
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Supposing Tv is vaporization temperature and molar entropy of fusion is obtained 
from Equation 19: 
  ( ) ( )
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(19) 
By substituting Equation 17 on 19 molar fusion entropy is calculated from the 
following equation: 
1
  m
m m
Tiv
f s
Ti Ti r
TTH
S Q Ln Q Ln
T m T T
 
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(20) 
Equation 21 is derived from Equations 15-20 and shows by increasing mass (outer 
surface) regarding small diffusion in solidification from melted powder to solid state, 
Gibbs free energy and subsequently interfacial energy increase. Interfacial energy 
explains disruption of intermolecular bonds that occur when a surface is created, 
therefore, increasing on  results in growing thermal concentration and observing 
damages such as cracks and micro cracks on outer surfaces compared to inner 
surfaces, shown in Figure 5-4.  Increasing mass in the numerator and denominator of 
Equation 21 with the same growth (power of one) cannot affect the value of , 
however increasing radius in denominator leads to decreasing the value of   and 
increasing thermal stresses on outer surfaces. In other words, increasing the 
geometry of intended samples leads to increase thermal stress concentration and the 
possibility of failure.   
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Figure 5-4 Crack with 170μm depth on the outer surfaces of the PAC (radius 69mm) 
 Substrate temperature  
In laser melting operations, a plane is needed to be the base for prototype and first 
layer should be welded on the top of the plate. This plate is called substrate, and it 
prevents micro-motion of printed samples and also stops the first few layers from 
warping and should be removed after the printing operation by wire electro 
discharge machining (EDM).   
The interaction time between laser and powder is normally in the range of 100μs. 
Therefore, rapid solidification occurs in SLM, and small values of mass transfer 
mechanisms such as diffusion can be observed. This has little effect on bonding 
between the first layer and substrate [26].  
Heat transfer and undercooling from the substrate is a significant factor in 
determining microstructure and mechanical properties such as strain and strength in 
solidification of SLM. As shown in Figure 5-5 (A) the size of lathes is smaller than 
Figure 5 (B). This phenomenon is related to the scanning location, Figure 5-5 (A) was 
captured near to the substrate while Figure 5-5 (B) was taken from the top of the 
printed sample (far from substrate) and in this area the temperature of the substrate 
doesn’t have any effect on the cooling process. Therefore, grains had enough time 
for growth, and the size of the laths increases [37].  
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Figure 5-5 (A) EBSD images for microstructure (A) the closest place to substrate (B) the 
farthest spot to substrate 
 Scanning parameters  
In SLM effective process parameters such as scanning strategy and speed, layer 
thickness, hatch spacing and laser power affect the melt pool and solidification 
process.  
Scan speed is important to change solidification trend and mechanical properties of 
the printed parts. Low scanning speed (lower than optimum values) increases the 
interaction time between powder and laser beam and vaporization occurs. Also, due 
to increasing temperature and thermal accumulation in the melt pool, the 
concentration of energy increases rapidly. Hence, thermo-capillary convection and 
mass transfer occur, and the value of the surface tension coefficient decreases. 
Reducing these quantities has a direct effect on decreasing capillarity and a negative 
effect on crystal growth, and β is transformed to α ductile so tensile strength will 
reduce [28, 29].     
By decreasing hatch spacing, the overlap between the two hatches increases and a 
secondary melting effect leads to generate mush area (dynamics of the region for the 
coexistence of both liquid and the solid phase [38]) and uncompleted solidification. 
In this case, pores have a lower chance to escape from this area, related to the higher 
viscosity of material in mush (the affected) zone. 
Scanning strategy can also affect the melt pool. In the case of complex strategies such 
as using a zigzag or meander patterns, instability of the melt pool and splashing 
powders can lead to unmelted particles and higher surface roughness as well as 
irregular solidification as shown in Figure 5-6. 
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Figure 5-6 The effect of unstable melting pool and overlap between two hatches 
Process temperature and shrinkage increase by increasing laser power. Also, the 
combination of thinner layers and higher laser power generates a strong flow of 
molten materials and pores can be released. If the power increases higher than 
optimum values, the effect of laser temperature on lower layers can lead to 
increasing mush area and remelting with a high cooling rate that produces pores and 
micro-cracks [24].  
 Cooling rate 
The solidification rate is zero in the blue area of Figure 5-7 and has the same value of 
scanning speed in the red area. The reason can be related to a cooler area from lower 
layers and solidification front. In SLM of Ti-6Al-4V high cooling rate leads to small 
grain size, increasing tensile strength and brittleness. Therefore, the interaction of 
higher tensile strength, contraction forces, substrate resistance, the transition from 
planar to dendritic solidification on smaller grain size, high thermal expansion 
coefficient, increasing equilibrium temperature, low thermal conductivity, low S/V 
value and capillarity lead to the formation of pores and micro-cracks. The produced 
pores and micro-cracks prevent the growth. Another possible reason for cracks is 
trapping hydrogen that leads to increasing equilibrium solubility and making 
metastable phases [29, 36].  
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Figure 5-7 Thermal contour plot for solidification of Ti-6Al-4V in SLM  
Changing the scanning speed affects local evaporation of Al and V so makes a general 
gradient on the molten pool surface and may change the sign of the surface tension 
coefficient. This phenomenon changes the direction of molten material flow from the 
lowest point to the highest and, therefore, hydrogen produced in the laser process is 
released, and the possibility of making pores is decreased [25] (Figure 5-8).  
 
Figure 5-8 Optically filtered images for different areas in SLM with different scanning power 
and speed 
In the case of low contamination, thermo-capillary convection occurs, and mass 
transfer flows from the place with a higher concentration of the gradient of surface 
tension or higher temperature. As it can be seen in Figures 5-7 and 5-8 the higher 
layers have a higher temperature and as a result, the liquid flows away from the 
region, but due to higher viscosity in lowermost layers (mush and solid zones), the 
molten liquid moves upward. In this situation pores can be released from the molten 
pool to the chamber – therefore, lower contamination in the process leads to lower 
pore formation.  
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Pores in the melting front can move in melting pool surface and decrease the value 
of hydrogen while pores in solidification front cannot escape because high cooling 
rate generates short time between nucleation and solidification [25, 34]. 
 Conclusion 
SLM has various applications in different industries due its good compatibility with 
CAD, which characterizes it as one of the most important emerging fabrication 
methods. This process is suitable for the production of near-net parts with 
complicated geometry. Therefore, due to the complex behaviour of solidification for 
intricate shapes, analysing the solidification process in SLM is important to give us 
insight into alternation of mechanical properties such as strength, strain, hardness, 
porosity and relative density of printed parts.   
In this method, process parameters such as laser power, layer thickness, hatch 
spacing, scan strategy and speed change melt pool, surface roughness, porosity and 
cracks on the surfaces of the prototypes. The main key points to explain intricate 
solidification behaviour are, trapping gas under the powder, unstable melting pool 
due to scanning speed, high cooling rate (103-108 K S-1), splashing of melted powders 
on melting pool, contamination of raw powder. 
Further work is recommended to further analyse ternary phase material or to 
determine the intermetallic phases in SLM of Ti-6Al-4V and expansion of Cahn-Hilliard 
theory for the inhomogeneous model. 
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Chapter 6. An Improved Static Model for Tool Deflection in 
Machining of Ti-6Al-4V Acetabular Shell Produced by 
Selective Laser Melting 
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Abstract 
Tool deflection during milling operation leads to dimensional error, decreasing 
surface quality and increasing rejection rate. In this study, tool deflection during the 
milling of the inner surfaces of Ti-6Al-4V prosthetic acetabular shell produced by 
selective laser melting (SLM) was modelled. The first purpose of this research is to 
provide a general static cutting tool deflection model for ball nose cutters where 
deviation of machine components and tool holder are so small as to be considered 
negligible. This is because the values of machine component and tool holder 
deflection were lower than standard tolerances (10µm) and found to be lower than 
1/15 of tool deflection. The second and third objectives of this work involve 
calculating contact surfaces by determining workpiece and tool geometry and 
choosing second moment of inertia using a novel cross section method (CSM). Static 
models for three quasi-analytical methods (QAM) that are simple cantilever beam 
model (SCBM), two-section model (TWSM) and our three section model (THSM) are 
presented. THSM showed high accuracy which was validated by 3D finite element 
method (FEM3D) and experimental measurements. The accuracy of tool deflection 
calculation using THSM by computing, shank, flute and ball head deflection and also 
utilizing CSM to determine second moment of inertia showed notable improvements. 
Keywords 
 Ball nose cutting tool, Cutting force, Second moment of inertia, Static model, Tool 
deflection measurement 
 Introduction 
When cutting forces induce tool deflection in a machining operation, an error 
appears on the machined surface. Different parameters that have effect on surface 
topography and cutting force have been explored to improve the quality of produced 
samples [1-4]. Various tool deflection models are used to determine cutting force, 
such as the idle model (for completely rigid cutters), cutter deflection model, and 
eccentrically 2D tool path model. Tool deflection models have higher accuracy in 
numerical modelling of cutting forces and torque among other methods [5-8]. 
Dynamic and static cutting force models on cantilever beams have been used 
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previously to evaluate cutter deflection. Combining these models with tool stiffness 
to calculate tool deflection as a function of cutting parameters, have been 
investigated for tool trajectory compensation and decreasing surface errors [9-14].    
Active integration of tool deflection in end milling was analysed by Depince and 
Hascoët [15]. They analysed cutting force by determining some experimental 
coefficients and suggested three models for tool deflection measurement. First was 
a geometrical model (cylindrical model) that was the same as the tool diameter, the 
second was using a concentrated or distributed force model along the cutting edge 
and the last was a model for deflection calculation that was a simplified model like 
FEM and cantilever beam. Although these models used simplifications in modelling, 
accurate results for constant and non-constant radial depth of cut were obtained. 
Depince and Hascoët showed compensation for tool deflection by using a mirror 
approach, improved tool trajectories and dimensional deviations [16]. 
Dugas et.al [17] showed quantifying the value of errors in tool deflection analysis, can 
be used for developing optimization algorithms for decreasing errors. In their 
research, a tool deflection static model was applied, assuming zero clearance 
between the workpiece and machine tool. This investigation showed more precise 
regenerative cutting force models are needed, by exploring dynamic concept models. 
According to Larue and Anselmetti [18], surface defects during side milling, especially 
when using long tools, can be related to tool deflection. They also showed how tool 
deflection correlates to surface roughness/waviness, which was modelled by static 
relations. The mentioned model was not impaired by changing cutting tool and low 
error between the simulated and experimental results of the surface profile was 
obtained. Their results showed tool deflection strongly influences in surface profile 
and defects modelling on the machined surface.  
Kim et.al [19] studied on the estimation of cutter deflection and form error in ball 
end milling operation. The tool was modelled as a cantilever beam and deflection was 
measured by determining the cutter and holder stiffness. Due to the difference in 
some mechanical aspects e.g. moment of inertia, the tool shank and flute was 
investigated separately. The static cutter deflection relations showed the downward 
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ramping error was lower than upward, due to changing in the length of cutting edge, 
passing through the ideal contact point and subsequently cutting forces.  
Evaluation of the stiffness chain on the deflection of end-mills under cutting forces 
showed the cantilever beam model has lower accuracy compared to FEM results. This 
problem can be solved by calculating deflections of the tool-holder, machine-tool and 
tool-holder clamping in the spindle, tool clamping in the tool-holder, and the tool 
itself using inductive/eddy current sensor. Study showed that the stiffness values are 
related to the ratio of length/diameter of the tools and varies for each machine 
centre and spindle size [20]. In hemisphere milling operations, ramping cutting 
method resulted in decreasing surface roughness from 35 μm to 12 μm compared to 
contour milling and by compensation of tool angle, a better roughness ranging to 
2μm was obtainable. Tool deflection analysis in 5-axis machining requires a more 
complicated model due to two simultaneous changing rotary axes [21]. Mathematical 
models for tool deflection in curve milling using ball nose tools showed that in 
contour milling by increasing the position angle the cutting force decreased and 
influenced machining error. In ramp milling, the position angle has less influence on 
cutting forces and surface roughness, according to [22]. Moreover, in ramp milling 
axial cutting force is more than radial, so changing position angle has a lower effect 
on tool deflection and surface roughness value. 
Tool deflection curve and its superposition for surface error measurement regardless 
of surface generation in a wall end milling process has been carried out by Ryu et al. 
[23]. The results proved that by determining tool setting error, machine tool stiffness 
and clamping parts the mentioned system works very fast with reasonable accuracy. 
Using Johnson-Cook theory improved the accuracy of the cutting force and tool 
deflection properties. The reason is associated with two resources; the first one is 
that in this method materials are defined as a function of strain, strain rate and 
temperature and the second is by using non-linear geometric boundaries such as the 
free surface of the chip [24]. Using regression equations for modelling force 
components showed that this method had the same accuracy as mechanistic models. 
Regression model has potential in tool deflection prediction and is a precise method 
for cutting force prediction to meet geometric tolerance in slot milling operations 
[25-28]. Parallel to the mentioned researches Ratchev et.al [29] investigated force 
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and deflection modelling in the milling of low-rigidity complex parts/workpieces. FEM 
and developed dynamic force prediction models were used to validate a Voxel-Based 
surface generation model. This model allows retrieving volumetric instances and 
performing further machining simulations with suitable accuracy.   
In this research, tool deflection was measured during milling of a Ti-6Al-4V acetabular 
shell part, manufactured by SLM. The tool deflection was also modelled by four 
methods and compared with experimental measurements. Firstly, three QAM 
namely; SCBM, TWSM and THSM were used. The second moment of inertia was 
incorporated into the QAM models, improving the accuracy of the proposed models. 
Secondly, a FEM3D of tool deflection was created to compare the numerical results 
with the QAM model and finally the results compared with experimental 
measurements. 
 Experimental setup 
  Design and manufacturing acetabular shell  
A sample was made (printed) by an SLM 125 HL machine using plasma-atomized 
equiaxed Ti-6Al-4V (Grade 5) powder and YLR-Faser-Laser, with a continuous laser 
mode. In order to obtain fully dense and high quality samples, a meander pattern 
scanning that rotates 90° between each layer in continuous mode was selected [30, 
31]. Fabrication process parameters are shown in Table 6-1. Figure 6-1 shows the 
designed acetabular shell using SolidWorks, the SLM manufacturing process and the 
produced sample. 
Table 6-1 SLM operation parameters 
Spot size 
mm 
Wavelength 
nm 
Hatch 
spacing μm 
Scanning speed 
mm/s 
Laser power 
W 
Layer 
thickness μm 
0.2 1070 5 700 100 30 
  
 
Figure 6-1  Acetabular shell production process using SLM 
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In the fabrication of spherical samples, spherical surfaces must be close to complete 
and round shape as much as possible to achieve accurate results. The standard rate 
for deviation of produced samples regarding diameter should be less than 10μm [32]. 
In this process, the deviation was measured ranging less than 1.3μm so the printed 
sample can be assumed symmetric.  
Failure and the reject response to biomaterial by the body is an important issue that 
is related to various problems such as, wear and corrosion resistance, fibrous 
encapsulation, release of residual stress, surface quality, osseointegration, 
mismatching in bone and elastic modulus, fatigue stress, fracture toughness and 
inflammation. Another important issue that results in reject response from the body 
is micromotion of implants. Micromotion is directly related to dimensional deviation 
between the produced part and human organs. After micromotion, fibrous 
encapsulation and formation of bacteria leads to infection and finally the body rejects 
the implant and subsequently revision surgery is needed which is risky. Tool 
deflection has an effect on dimensional deviation micromotion, especially for parts 
with round/sphere geometry because in round shapes dimensional deviation is a 
function of tool deflection by a factor of two.     
 Cutting tool related parameters and machine tool specifications 
In this research, milling on the inner surface of the acetabular shell was done using 
Ø12mm ball nose tool made of solid carbide (EB-A2 12-22W1 2E83). The tool 
geometry consisted of two flutes and cutting tool related parameters and 
characteristics for the experiment were selected based on literature survey and 
manufacturing handbook recommendations, displayed in Tables 6-2 and 6-3. 
Machine cutting was performed on a 5-axis Spinner U620 CNC milling machine 
centre. For clamping work-piece and preventing any clearance and movements on 
the machine vice, a special plate that was designed for the acetabular shell was 
prepared and welded to the sample. 
Table 6-2 Cutting tool parameters 
Elastic modulus  
GPa 
Poisson ratio Density 
g/cm^3 
Yield stress  
MPa 
Hardness  
HV 
550 0.23 14 4650 1700 
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The plate design was based on dynamometer table and has four holes for higher 
rigidity. Figure 6-2 shows the workpiece, the milling process and experimental set up.  
 
Figure 6-2 Workpiece and milling operation 
Table 6-3 Cutting conditions 
Test Depth of cut 
(mm) 
Feed rate 
(mm/min) 
Spindle speed 
(m/min) 
Cutting tool 
path 
1-3 0.5 1500 5000 Circular 
3-6 0.5 1500 4000 Circular 
6-9 0.5 1250 4000 Circular 
9-12 0.5 1000 4000 Circular 
 Static force model for ball nose cutting tool  
A Kistler type 9257B dynamometer with high rigidity and natural frequency was used 
to measure the cutting forces (x,y,z). The dynamometer has a measurement range 
from -5kN to 10kN, consists of four three-component force sensors and each sensor 
contains three pairs of quartz; two sensitive to shear and one for pressure. The force 
components were measured experimentally independent of displacement. The 
generated static model was based on the obtained cutting force data. In order to 
increase the accuracy, the mentioned machining test was performed 12 times. In 
beam deflection theory if the ratio of the length (a distance of cutting tool from collet 
to applying force) to diameter is more than ten then shear deformation effects are 
negligible and the equation of motion for Euler Bernoulli beam can be used. 
Otherwise, the governing relation is determined based on Timoshenko theory.   
Timoshenko beam displacements equation of motion without axial loads and effects 
is defined according to the following equations: 
( , , ) ( )
( , , ) ( )
( , ) 0
x
y
z
u x y z x
u x y z z y
u x y


 

 

  
(1) 
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where ux, uy, and uz are the components of the displacement vector in three 
coordinate directions, u(x, y, z) is the point coordinates of Timoshenko beam, φ is the 
rotational angle and δ is the displacement.  
The governing equations for quasi-static Timoshenko beam are obtained from 
following equations. 
2
2
(x)
( )
                                                
xEI x F
x x
  
 
  
 
(2) 
2 2
2
( ) (x) 1
 ( ) ( ) ( )
x
x L EI x
x x x L AG
  


   
   
     
(3) 
where E is the Young’s modulus of the beam material, I(x) is the second moment of 
inertia of the beam cross section, A is the cross section area, G is the shear modulus, 
к is Timoshenko shear coefficient (depends on beam geometry), and Fx is the 
distributed force on the beam.  
Timoshenko and Euler-Bernoulli theories in static mode become equivalent when the 
last term in RHS of Equation 3, is neglected when (кL2AG)-1<<1 and x
x


( ) does not 
have a large value.  
 QAM for ball nose deflection  
In this section, to calculate tool deflection in the milling of the prosthetic acetabular, 
three QAMs, namely SCBM, TWSM and THSM are discussed. Based on designated 
cutting parameters, 0.5mm depth of cut was chosen, including X3mm ball nose cutter 
contact length (as shown in Figure 6-3). Therefore, the cutting tool can be modeled 
by taking into account distributed forces. 
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Figure 6-3 Cutting contact surfaces geometry 
 Tool deflection estiomation by SCBM 
The ball nose cutting tool has a sphere shape on the head and contact area exactly 
positioned on the center of the sphere. Therefore the beam force model is drawn 
according to Figure 6-4.  To calculate deflection by cantilever model Macaulay’s 
method is used which is very convenient for the cases of discontinuous loading.  
 
Figure 6-4 Cutting tool force model 
Tool deflection for static loads is determined based on 
2
2
( )
 
M x
x EI

 

 where M(x) is 
bending moment. So we have the following equation: 
1
( ( ( ) ) )M x dx dx
EI
    
 
(4) 
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In this operation cutting tool have spiral movement around workpiece and in each 
900 rotation on workpiece Fx and Fy converted to each other therefore cutting force 
component that is sensitive to deflection is obtained from the following equation 
[19]:  
sin cosc x yF F F    
(5) 
where θ is the rotational angle of the tool around workpiece. Based on Macaulay’s 
method, M(x) is obtained according to the following equation: 
1 0 2 21 2
1 2( ) 0  0
2 2
xw xw
C c
F F
M x F x M x x x x x               
 
(6) 
where Mc is bending moment and depends on the rotational angle. By substituting 
Equation 6 in Equation 4 and solving the second order differential equation, tool 
deflection is obtained by the following equation: 
3 2 4 41 2
1 2 1 2
1
0  0  
6 2 24 24
c c wx wx
M
F M F F
x x x x x x C x C
EI

 
                   
   
(7) 
 Boundary conditions  
To solve the beam equation, a second-order derivative in x and to find a unique 
solution for δ, two boundary conditions are needed. Boundary conditions will vary 
based on supports and the structure of the beam. The cutting tool in this operation 
was modelled as a one end free beam so displacement δ and the slope 𝑑𝛿/𝑑𝑥 on the 
support have zero value. Consequently, from these two conditions, we have 𝐶1 =
𝐶2 = 0.  
 TWSM and THSM for cutting tool deflection 
The ball nose cutter was simplified as a two section cantilever beam.  Having two 
deflections of shank and flute, that are δs and δf, respectively, and deflection angle of 
the shank φf , the resultant cutter bending deflection can be expressed as:  
    
 
c F F F c F F F F
t s s f
s s
c F F F F F
F
F L L L L L Z F L L L L L Z L Z
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F Z Z L Z L Z L Z
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   
          
      
       
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3 3 2 3
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In order to increase the accuracy, indeed the effect of slope for the ball on the head 
of the cutter was calculated and added to the previous models. 
 
Figure 6-5 deflected tool 
Based on Figure 6-5, by adding the effect of ball deflection on the previous models 
Equation 8) total deflection for ball nose cutter is derived as: 
    
 
t s s f s b
c F b F b F c F b F b F F
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              
  
          
 

f
3 2 2
3 3 2 3
2
(L z) (1 ( ))
( ) 3( ) ( ) ( ) 2( )( )
6 2
( ) 3( ) ( ) 1
 (1 )                              
6 1
  (9)
 
where 21 ( ) ( )s b s bB Cos Cos       . Machine component deflection and second 
moment of inertia affect the analytical deflection model, especially for beams with 
complex geometry, so in the next steps the deflection of machine component, tool 
holder and different methods for calculating second moment of inertia will be 
discussed.   
 Machine component and tool holder deflection 
Compared to deflection of the tool, the deflection of the spindle and tool holder in 
this study were very small, therefore the cutting tool is considered to be a cantilever 
beam. Spinner U-620 is a heavy and accurate milling machine used in this experiment 
and the deflection of the machine component and tool holder are significantly lower 
than the cutting tool. The head diameter of the machine is 156mm compare to 12mm 
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for the tool diameter (Figure 6-6). In other words the stiffness of the machine is 
significantly higher than the stiffness of the cutter to such an extent that the theory 
is applicable. Moreover, tool was fitted into tool holder (with 56mm diameter) using 
shrinkage fitting method to remove clearance, vibration and have a rigid contact, 
smooth and fast cutting [33].  
 
Figure 6-6 milling machine used in this experiment 
Experimental measurements on prosthetic acetabular cup after machining (Figure 6-
7 D) was compared with (Figure 6-7 A, B and C) to measure the value of machine 
component and tool holder deflection.  
 
Figure 6-7 The effect of tool and machine component and tool holder deflection on 
dimensional deviation 
Equation 10 shows the measurement of machine component deflection.  
f o c mc th td d D       2 2 2 2          (10) 
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where df is final diameter (after machining), Dc is depth of cut, δt is total tool 
deflection, δth is tool holder deflection and δmc is machine component deflection. 
By substituting Equation 9 into 10, machine tool deflection is obtained from Equation 
11: 
    
 
c F b F b F c F b F b F F
mc o f c
s s
c F F b F b F b F
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          
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2 6 2
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                        11  
 
The initial and final diameter of the workpiece were measured by using Alicona 
Infinite Focus profilometer and machine tool probe and as we can see in Table 6-4 
the value of deflections for machine tool components and tool holder were less than 
1/15 of cutting tool deflection which was lower than standard tolerances (2-10 μm) 
so the value of machine component and tool holder deflection can be neglected. In 
this case THSM is showing the pure value of tool deflection.  
Table 6-4 The values of workpiece diameter and deflections 
Factors T1  T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 
Distributed Force (N) 62 63 69.5 209 211 215 300 300 300.2 307 309.5 311 
Initial diameter 
 (do) mm 
69.00 71.00 73.00 76.85 76.85 76.85 77.88 77.88 77.88 78.86 78.86 78.86 
Depth of cut 
 (DC) mm 
0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 
Final diameter 
 (df) mm 
70.04 72.04 74.04 77.72 77.72 77.72 78.70 78.70 78.70 79.68 79.68 79.68 
Total deflection 
(δth + δmc+δt) μm 
18.65 18.75 21.05 61.00 61.00 62.00 88.50 88.50 89.00 90.00 91.00 91.00 
Cutting tool deflection 
 (δt) μm 
17.65 17.87 19.73 59.70 59.75 60.85 85.59 85.60 86.10 87.60 88.20 88.00 
Machine component and tool 
 holder deflection 
 (δmc + δth) μm 
 
1.00 
 
0.88 
 
1.32 
 
1.30 
 
1.25 
 
1.15 
 
2.91 
 
2.90 
 
2.90 
 
2.40 
 
2.80 
 
3.00 
Cutting tool deflection to  
machine component + tool holder  
deflection (δt / (δmc + δth)) μm 
 
17.65 
 
20.31 
 
14.95 
 
45.92 
 
47.80 
 
52.91 
 
29.41 
 
29.52 
 
29.69 
 
36.50 
 
31.50 
 
29.33 
 Second moment of inertia 
Due to the complexity of the cutter cross section along its axis, calculating the second 
moment of inertia is the most difficult aspect in the static analysis. This parameter 
plays an important role and affects tool deflection accuracy. In this section existing 
methods and CSM for measuring second moment of inertia have been discussed and 
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compared to FEM3D and experimental results to find the accuracy of proposed 
models.  
 Solid cylinder (SC) method 
The simplest method for determining second moment of inertia is cylinder method 
that estimates it from the tool holder and tool geometry [34, 35].  According to 
Equation 12, in this method the amount of EI is calculated as: 
 
   
4 4 4
0( )
64 64
h i t i
h h t t
E D D E D
EI E I E I
 
(12) 
where Eh is holder modulus, Et is tool modulus, Di and Do are inside and outside 
diameter for the tool holder. In this experiment due to analysing cutting tool, pure 
deflection the deflection of the tool holder is neglected, and Di is ball nose tool 
diameter. Therefore, the maximum value of moment of inertia is πD4/64. The value 
of second moment of inertia for SC is obtained as 1017 mm^4 and Figure 6-8 shows 
the results of experimental measurement, FEM3D, THSM, TWSM and SCBM for tool 
deflection by taking into account to using SC method to estimate second moment of 
inertia. It is remarkable that TWSM and THSM are more accurate than SCBM which 
is related to the separate investigation of individual parts for cutting tool.  
 
Figure 6-8 Deflection results for SC model 
 Effective diameter (ED) method (Kops method) 
In this method, the ED of the end mill, diameter of the SC that reacts the same as an 
end mill under the same force and load, was calculated for cantilever beam [36-41]. 
Concentrated force Fw1.X3, is applied at the distance of X4 mm from the fixed end. The 
maximum deflection is: 
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(13) 
The moment of inertia for SC is I=πD4/64. By substituting the ED, that is Deff, on D in 
Equation 13, we get: 
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The value of δmax is obtained from experimental measurements, and the results 
suggest that the Deff could be generalized approximately 80% of the cutter diameter.  
Therefore, the amount of moment of inertia is Ieff=D4/49.735. Figure 6-9 shows that 
using the ED method in tool deflection for SCBM, TWSM and THSM is not accurate 
for ball nose cutter. This Figure shows TWSM and THSM have higher accuracy 
compare to SCBM.  
 
Figure 6-9 Deflection results for ED method 
 Equivalent radius (ER) method 
In this method to calculate the inertia of the whole cross section with curves and 
flutes, inertia of the surface for half of the cross section was first derived. Then the 
total value of inertia was obtained by summing two surfaces and the effect of the 
flute depths (fd). This was done to increase the accuracy of the model [42].  
The ER (Req) (defined by a radius of the tool arc, r, angle of Req and horizontal line, 
θER, and position of the centre of the arc, Δ) was used to estimate the amount of 
inertia. Req is obtained by using cosine law according to: 
eq ER ER ER ERR r         
2 2 2 2( ) cos( ) ( ) cos ( )     0
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The moment of inertia by using ER is then computed by using:  
eq ERR
eq xx ER ER
fd
I Cos d d
  
   
         
 
/2 ( )
3 2 4
0 0
. ( ) ( )
8 2  
 
(16) 
where q ER   e0 R ( )  and Figure 6-10 shows the cross section of designed ball nose 
cutter.  
 
Figure 6-10 Ball nose cutter cross section 
 
Figure 6-11 Deflection results for ER model 
Figure 6-11 shows using ER method to calculate second moment of inertia and 
deflection for ball nose cutter in the milling of acetabular is not accurate. In ER model 
TWSM and THSM have better results than SCBM and while this method has 
previously been proposed for cutting tools (flat cutters) the accuracy is not in an 
acceptable range for ball nose cutter deflection.    
 Cross section method (CSM) 
In order to find the amount of second moment of inertia, CSM has been carried out 
in this experiment. For measuring this value, the mentioned cutting tool is drawn in 
SolidWorks and by doing cross section in each 0.2mm along tool axis from the tip to 
the end (Figure 6-12) RMS of the cross sections are computed. Figure 6-13 shows that 
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CSM has high accuracy in tool deflection for all THSM, SCBM and TWSM that is related 
to the accurate values of second moment of inertia in governing equations. Indeed in 
CSM the effect of rapid increasing for second moment of inertia on the head of ball 
nose cutter as well as the flute is considered therefore, the results are more accurate.   
 
Figure 6-12 Cutting tool cross section 
To validate the amount of deflection obtained from quasi-static models FEM3D and 
experimental measurements have been carried out and to find the percentage of 
error the results were compared.  
 
Figure 6-13 Deflection results using CSM 
 Validation procedure 
In this step numerical and experimental validations of the proposed quasi-analytical 
model have been carried out to check the accuracy of the improved THSM.   
 FEM3D analysis 
Finite element analysis was carried out as a nonlinear static by using SolidWorks. A 
parabolic triangular element which is defined by three corner nodes, three mid-side 
nodes and three parabolic edges was used to cover tiny edges (Curvature based 
mesh). Constraints on the non-cutting side were applied to fix cutting tool and 
prevent any movement. The obtained loads for 12 experiments were applied in the 
0.00
20.00
40.00
60.00
80.00
100.00
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12
D
e
fl
e
ct
io
n
 (
μ
m
) Experimetal Results
FEM results
THSM
TWSM
SCBM
 
 
222 
 
designated place according to the real situation. Figures 6-8, 6-9, 6-11 and 6-13 show 
the accuracy of FEM3D model compares to experimental measurements and prove 
that this numerical method has high accuracy for complex shape deflection [5-8]. 
Figure 6-14 shows meshed tool for FEM analysis. 
 
Figure 6-14 FEM3D mesh 
 Experimental measurement of tool deflection 
Figure 6-15 illustrates the experimental setup for cutting tool deflection 
measurement. In order to measure the real value of deflection, an inductive 
proximity sensor (DW-AD-509-M18-120) was used with maximum 500Hz working 
frequency and 0-10mm working range. Customised fixture with high rigidity for 
clamping ball nose cutter was used. The cutting tool is welded from shank to the 
fixture to prevent any movement on support also, cutting force was applied on the 
centre of the ball (the same as real machining position) for obtaining accurate results.  
The sensor is working based on electro-magnetic flow and lens law. TNM 2008 
oscilloscope with a maximum frequency of 80MHz and two channels input were used 
as analog-to-digital converter (ADC). The quantities of deflection in X direction were 
obtained for 12 performed tests.   
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Figure 6-15 Schematic diagram of experimental measurement 
 Result and discussion 
Using CSM method to calculate second moment of inertia in THSM, by taking into 
account the ball shape slope, has higher accuracy compare to other methods that 
were found in the literature [16, 19, 42, 43]. Table 6-5 shows calculated error 
between SCBM, TWSM, THSM, coupled with different methods to measure second 
moment of inertia such as SC, ED and ER models as well asFEM3D and experimental 
measurements. 
Table 6-5 Percentage of errors for deflection models 
Models 
Error for Tests % 
T1  T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 
SCBM using SC             21.97 21.68 21.75 22.23 21.55 21.51 22.14 22.15 22.03 22.15 22.05 21.49 
TWSM using SC  7.30 6.96 7.04 7.61 6.81 6.76 7.50 7.51 7.37 7.51 7.39 6.73 
THSM using SC 7.26 6.92 7.00 7.48 6.67 6.63 7.31 7.32 7.19 7.32 7.20 6.55 
SCBM using ED  90.51 91.20 91.04 89.87 91.52 91.62 90.10 90.07 90.35 90.07 90.31 91.67 
TWSM using ED 34.31 36.56 34.69 33.86 36.56 35.10 34.02 36.56 34.20 34.00 36.56 35.13 
THSM using ED  34.35 34.84 34.73 33.99 35.16 35.23 34.20 34.19 34.39 34.19 34.36 35.32 
SCBM using ER 101.71 102.44 102.27 101.02 102.78 102.89 101.27 101.24 101.54 101.24 101.50 102.93 
TWSM using ER  38.45 38.95 38.84 37.98 39.19 39.26 38.15 38.13 38.34 38.13 38.31 39.29 
THSM using ER  38.49 38.99 38.88 38.11 39.32 39.40 38.34 38.32 38.53 38.32 38.50 39.49 
SCBM using CSM  2.75 3.12 3.03 2.40 3.29 3.35 2.52 2.51 2.66 2.51 2.64 3.37 
TWSM using CSM 5.64 6.02 5.93 5.28 6.20 6.25 5.41 5.39 5.55 5.39 5.53 6.28 
THSM using CSM 1.88 2.25 2.17 1.63 2.52 2.57 1.81 1.80 1.95 1.80 1.93 2.66 
FEM model 1.64 1.29 1.37 1.98 1.12 1.07 1.86 1.87 1.73 1.87 1.75 1.05 
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SC method has higher accuracy than Kops [40] (ED) and Kivanc [42]  (ER) methods in 
tool deflection modelling that is related to the effect of lower mass as well as lower 
radius which is calculated in these two methods.  
TWSM and THSM in the estimation of tool deflection are about 55-60% more 
accurate than SCBM when previous methods are used to calculate second moment 
of inertia. In CSM method, TWSM has lower accuracy than SCBM that can be justified 
to lower value for a moment of inertia in third terms of Equation 8 which is related 
to flute deflection. 
The errors are less than 2% between FEM3D and the experimental measurements 
can be explained by the fact that the FEM3D takes into consideration the exact tool 
geometry and second moment of inertia in agreement with literature [5-8]. Likewise, 
a gap between TWSM, THSM and experimental measurements when we put the 
value of second moment of inertia by effective and equivalent methods can be 
justified by the fact that these methods are appropriate for face milling cutters 
(cutters with flat head). Other important reasons for this gap are the effect of the ball 
(increasing moment of inertia along cutter length) and increasing the value of mass 
and cross section in flute along Z axis which is not mentioned in the Kops and Kivanc 
methods.  
The reason for increasing the accuracy in THSM and CSM is associated with 
computing moment of inertia for shank, flute and ball head in the mathematical 
relation of deflection separately and this is possible by measuring different sections 
of each part of the ball nose cutter.  
 Conclusion 
In this research, a new estimation of second moment of inertia and tool deflection in 
the milling of acetabular shell using ball nose cutting tool was proposed. Static cutter 
deflections were estimated by using SCBM, TWSM, THSM and FEM3D. Cutting forces 
were estimated as distributed force based on tool and work-piece geometry. 
Experimental measurements were presented to show the accuracy of quasi-
analytical and FE methods. The obtained results show that the model, by taking into 
account to ball slope, has higher accuracy. Actually, this fact is related to the 
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estimation of the second moment of inertia using CSM and using three section areas 
for cutter from shank, flute, and ball.  
Further work is recommended to investigate changing cutting process angles to 
compensate the effect of tool deflection on cutting force and improving surface 
quality and dimensional deviation based on the proposed model.  
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Abstract 
Purpose: Various heat treatments (HT) such as stress relief annealing, mill annealing, 
recrystallization (α+β) annealing and β annealing followed by furnace cooling (FC) 
were implemented to determine the effect of them on mechanical properties and 
microstructure of SLM and wrought samples. The mentioned annealings have been 
carried out to achieve the related standards in the fabrication of surgery implants.   
Design/methodology/approach: In this paper, based on F2924–14 ASTM standard 
SLM and conventionally wrought parts were prepared. Then HT has been carried out 
and different characteristics such as microstructure, mechanical properties, macro-
hardness and fracture surface for SLM and wrought parts were analysed. 
Findings: The results show that the high cooling rate in SLM generates finer grains. 
Therefore, tensile strength and hardness increase along with a reduction in ductility 
was noticed. Recrystallization annealing appears to give the best combination of 
ductility, strength and hardness for SLM parts whilst for equivalent wrought samples 
increasing HT temperature results in reduction of mechanical properties.   
Originality/value: The contributions of this paper are discussing the effect of 
different annealing on mechanical properties and microstructural evolution based on 
new ASTM standards for SLM samples and comparing them with wrought parts. 
Keywords 
Fracture surfaces, heat treatment, macro-hardness, mechanical properties, selective 
laser melting  
 Introduction 
Rapid prototyping and 3D printing are common names for additive manufacturing 
(AM) that fabricates different parts by adding layers on top of each other [1-3]. Metal 
and plastic printing, due to their compatibility with computer aided design (CAD), are 
suitable for the production of parts with final shapes and have been widely used in 
different manufacturing applications such as medical, architecture, automobile, 
microfabrication, electronic and aerospace [4-10]. Writing in “Nature Materials and 
medicine”, Bank, Thomas and colleagues [11, 12] demonstrated that the functional 
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longevity of spherical implants for different treatments was improved by making 
them longer. Using AM and changing the design in CAD process can easily obtain this.  
SLM is a new approach to metal printing where powder is spread on a platform and 
selectively melted as a series of thin layers of the powder based on 3D drawings. This 
process has been carried out in the chamber with a controlled environment regarding 
pressure, temperature in an atmosphere of inert gas. Owing to various process 
parameters such as laser spot diameter, layer thickness, hatch spacing, scan speed, 
build speed and laser power, SLM is a sophisticated fabrication method. Moreover, 
the high cooling rate has an effect on fabricated samples and leads to increase in 
tensile strength and brittleness. Ti and its alloys are well-adjusted biomaterials with 
good biocompatibility. Therefore, the use of this alloy has extensively grown in recent 
years. Due to some phenomena such as balling/residual powders, unstable melt 
pools, porosity, microcracks, low surface quality and shrinkage, post processing 
operations such as machining are needed after printing. High brittleness of SLM parts 
decreases the machinability and surface quality, therefore, to solve this problem HT 
is recommended [13-17]. 
Investigation on microstructure evolution during SLM of Ti-6Al-4V showed that due 
to localized heat and short interaction time epitaxial growth occurs and the 
intermetallic Ti3Al was observed during higher laser power and heat. As a 
consequence of these phenomena, hardness increased from 37 to 57 HRC and tensile 
strength improved from 0.9 to 1.45Gpa. Also the mechanism of irregularities and 
drop formation are highly related to thermo-physical properties of material and 
process parameters [18-20]. Investigation on SLM of Ti-6Al-7Nb showed that tensile 
and compressive strength of parts increased while ductility decreased. It was found 
that as-built samples have α’ martensite hardened by dispersive precipitates. Layered 
manufacturing leads to the anisotropy of mechanical properties. Indeed, 
investigation on the hardness of printed samples showed that if the build direction is 
perpendicular to longitudinal axis of the printed samples, the hardness was 
significantly higher than perpendicular build direction to this axis [21].  A mixture of 
Ti-6Al-4V and 10wt% Mo had β Ti matrix with randomly dispersed pure Mo particle. 
HT on this alloy showed higher or equal tensile strength compared to conventional 
wrought samples. Ti-6Al-4V + 10Mo demonstrated lower Young’s modulus and yield 
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strength (73Gpa and 860Mpa, respectively) compared to Ti-6Al-4V (113Gpa and 
950Mpa, respectively). However, the ductility of this alloy notably increased. These 
behaviours are ascribable to suppressing β transformation to α’ martensitic, 
therefore the β phase is fully retained. Also adding Mo results in (A) decreasing 
martensitic starting temperature and (B) decreasing critical cooling rate to retain β 
phase [22]. The same observation about the formation of α’ and enhancement of 
mechanical properties such as hardness and tensile strength for CP-Ti has been 
reported [23]. Optimizing of scanning speed and laser power that were reported as 
the most effective parameters on SLM leads to enhanced mechanical properties of 
produced TNM-B1 titanium aluminide alloy and increasing density. Also, HT on 3D 
printed parts for this alloy resulted in 50% and 30% decrement of offset yield and 
ultimate compressive strengths respectively while ultimate compressive strain 
increased by 180%  [24]. The interaction of high power and low scanning speed leads 
to apparent residual powders, wormholes, micro-cracks, increasing mush area in 
solidification, decreasing liquid viscosity and increasing thermal stresses. In contrast, 
high scanning speed causes unstable melting pool and increasing residual powders 
and micro-cracks. As a consequence of these scanning situations, lath-shaped α 
phase coarsened and martensitic α’ appears. Also, in the case of high scan speed 
partial evaporation especially for alloying elements make chemical gradients onto the 
melt pool surface. Changing the surface tension coefficient, reversing melting flow 
from bottom to the surface of the melting pool, escaping hydrogen and lower 
porosity are the results of high scan speed. It is reported that SLM has some 
drawbacks such as porosity and micro-cracks and to solve these problems and 
enhancing mechanical properties drying powder and optimization process 
parameters has been suggested.  
In this paper, in order to improve mechanical properties of SLM parts to achieve 
surgery implants standards, different annealing operations in α, β and α+β conditions 
have been applied. Then microstructure, mechanical properties such as tensile 
strength, elongation, macro-hardness, and fractured surfaces are analysed and 
compared with conventionally wrought samples to present a better explanation on 
the behaviour of those two materials.  
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 Experimental procedure  
 Powder material and SLM operation 
Granulomorphometry is a significant factor that affects mechanical properties, 
distortion and irregularities in SLM parts. In this operation, equiaxed Ti-6Al-4V 
powder (Figure 7-1 left) that is made by plasma atomization was used. Based on the 
F2924 – 14 ASTM standard, dogbone coupons were designed according to E8/E8M 
Standard (approved July 1, 2013. Published August 2013) for the tensile test. (Figure 
7-1 (right)). 
 
Figure 7-1 (Left) SEM image of powder morphology and size (Right) dogbone coupons and 
printing direction 
SLM 125HL equipped with a YLR-Faser-Laser, with a maximum laser power of 200W, 
a minimum spot size of 5 μm and wavelength of 1070 nm was utilized in this 
experiment. To produce fully dense and higher mechanical properties based on the 
recommended ranges from the literature and original equipment manufacturers 
(OEMs) a meander pattern scanning and process parameters were selected. Process 
parameters are shown in Table 7-1. Conventionally wrought samples were forged 
according to ASTM B381.  
Table 7-1 Process parameters for SLM operation in PAC 
Process Parameters Value 
Build speed 15 ccm/h 
Hatch spacing 75 µm 
Laser power 100 W, YLR-Faser-Laser 
Laser spot diameter  0.2 mm 
Layer thickness 30 µm 
Operational beam focuses variable 100 µm 
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Scan speed 700 mm/s 
 
 Heat treatment  
According to ISO 20160, in order to increase the quality, mechanical properties and 
material integrity of SLM parts especially, in medical applications it is necessary to 
fabricate high-density and homogeneous equiaxial microstructure. Ti-6Al-4V are 
susceptible to oxidation with oxygen and nitrogen in heat treatment. The results of 
the oxygen-nitrogen rich phase termed alpha-case that affects mechanical 
properties. To compensate this issue different HT processes such as stress relief 
annealing, full annealing or mill annealing, recrystallization annealing and beta 
annealing have been carried out in vacuum furnace Camco SAN Carlos model G-VAC-
2000 with Ar atmosphere and FC. Table 7-2 shows the HT conditions.  
Table 7-2 Various annealing treatments 
Annealing As-Built Stress relief Mill  Re-crystallization Beta 
Temperature (0C) 20 600 750 925 1050 
Annealing time (min) - 120 120 120 120 
Cooling - FC FC FC FC 
 Experimental equipment 
The microstructures were examined using optical microscopy (OM) and scanning 
electron microscopy (SEM) equipped with electron back-scattered diffraction (EBSD). 
For the OM, the samples were mechanically polished and then etched in a solution 
of 2% HF, 6% HNO3 and 92% H2O. For EBSD the samples were polished by a colloidal 
silica slurry solution after mechanical polishing. Fracture surfaces were revealed using 
a field emission Zeiss-SUPRA 55-VP scanning electron microscope. EBSD analysis was 
performed using a FEG Quanta 3-D FEI SEM under a condition of 20 kV and 4 nA. TSL 
software was employed to acquire and analyse the EBSD data. The step size was 
assigned to be 0.1μm. Type of grid was hexagonal and the average confidence index 
was higher than 0.50 for all the maps. 
Tensile tests have been carried out using Instron 8801-100kN machine equipped with 
hydraulic jaws to determine ultimate tensile strength and percentage of elongation. 
The Vickers macro-hardness has been carried out using Struers Durajet machine. 
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Alicona Infinite Focus profile-meter with 1nm resolution and the ability to scan the 
whole surface was used for scanning fractured surfaces.  
 Results and discussion 
 Microstructure 
In this section microstructure of additive manufactured and conventional wrought 
samples is investigated to explain the differences in captured cutting forces.  
 Microstructure of conventional wrought samples 
The as-received material consisted of primary α and α+β phases similar to the result 
obtained by the literature (Figure 7-2 A). HT at below transus temperature followed 
by furnace cool doesn’t change the lamellar primary α and only has a small effect on 
the size of the grains which is shown in Figure 7-2 (B and C). Also, in mill annealing 
depending on previous working different microstructures such as lamellar or 
equiaxed may be obtained. HT at recrystallization temperature for conventional 
wrought samples produces different microstructures. Below martensitic 
temperature a coarse martensitic α+β is reported while above this temperature 
according to lever rule a duplex microstructure consisting of primary α phase and α 
coarse lamellae (transferred from β) are found [18, 25, 26].  
In β annealing of Ti-6Al-4V (10500C), a slower cooling rate is a key factor to control 
diffusion rate between α and β phase because the temperature stays near the β 
transus and α nucleates. As Figure 7-2 (E) shows the microstructure is lamellar 
containing broad α phase and fine β lamellae. The size of lamella packets is associated 
with prior β grain size and cooling rate. The finest lamellae β is found between the 
fine acicular structure to more coarse lamellar which is related to the cooling rate. 
The degree of microstructural change and homogenization are related to self-
diffusion and diffusion of alloying elements. This parameter is a factor of temperature 
and time. In Ti-6Al-4V, the value of self-diffusion coefficient (DαTi) and (DβTi) are a 
significant factor in microstructural changes so according to Table 7-3 
homogenization of the microstructure occurs rapidly above β transus by increasing 
grain size and α phase that is observed in Figures 7-2 (D) and (E). In other words, slow 
to moderate cooling from above β transus resulted in the nucleation and growth of 
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α phase from β phase grain boundary. Ti-6Al-4V is homogenized by increasing α 
phase. However, Below β transus temperature microstructural changes have slow 
trend [25, 27].  
Table 7-3 Self -diffusion coefficient for Ti-6Al-4V in different annealing temperatures [25] 
Temperature 
Coefficient  
6000C 10000C 
DαTi (m2/s) 10-19 10-15 
DβTi (m2/s) 10-18 10-13 
 
 
Figure 7-2 EBSD images for conventional wrought samples (A) untreated (B) stress relieve 
annealing; (C) mill annealing, (D) recrystallization annealing (big map) (E) β annealing (big 
map) (F) grain size 
 Microstructure of SLM samples 
Figure 7-3 A shows the microstructure of as-built SLM samples with smaller grain size 
compared to conventional wrought samples (approx. 3 times smaller) which are 
associated with high cooling rate (103-108 K s-1) in agreement with the literature [14, 
18, 23]. Furthermore, phase constitution and microstructure are highly associated 
with the scanning pattern used for the laser. In this work a meander pattern has been 
used and, due to a temperature elevation and high cooling rate formation of α’ 
martensitic, was found to raise tensile strength to 1.35Gpa and decrease breaking 
elongation to 3% [28-30]. This microstructure has high fracture toughness, creep 
resistance, and low fatigue crack grows rate. 
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For SLM samples α annealing leads to increasing grain sizes in a fraction of the β phase 
and relaxation of internal stresses during heat treatment [31]. It is reported that 
detecting α and α′ cannot be easily distinguished by EBSD because of the hexagonal 
shape of both phases [31]. Annealing of α phase releases high internal stresses that 
were generated in high working temperature in SLM by diffusion (with a diffusion 
coefficient in the range of 10-19-10-18 m2/s in 6000C for α and β respectively) as well 
as dislocation motion set in [32]. Moreover, in α annealing and furnace cooling of 
SLM Ti-6Al-4V similar to conventional wrought samples primary α is retained and a 
small value of secondary α grows, so the grain size slightly increased (Figure 7-3, B 
and C). 
During α+β annealing, the microstructure consisting of β and primary α was 
observed. In contrast to HT with the high cooling rate of this annealing, primary α is 
not transformed, so the microstructure becomes the combination of acicular, 
equiaxed and lamellar which are shown in Figure 7-3(D) and Figure 7-4(A). This means 
that after HT in-transus temperature nuclei of globular α-phase appeared. 
Furthermore, partial remelting (mush area/heat affected zone) in SLM results in an 
anisotropy of mechanical properties and increasing globular α-phase and increasing 
uniformity. Moreover, β transformation is closely associated with the cooling rate. In 
the case of slow cooling rate (Table 7-4) β is transferred to secondary α lamellae 
therefore according to Figure 7-3(D) a combination of equiaxed, lamellar and acicular 
was observed after α+β annealing [25, 26, 30, 33]. 
In β annealing of Ti-6Al-4V produced by SLM, the growth of grain size was three times 
more than as-built samples that are explained by the following reasons. High 
diffusion rate in 10500C and low furnace cooling rate (0.1458 0C/s) lead to radical 
increasing in the self-diffusion coefficient and homogenization of microstructure 
consist of primary and secondary α [20, 25].  
Table 7-4 The effect of cooling rate on phase composition of Ti-6Al-4V 
Colling strategy Cooling rate (0C/s) Phase composition 
Quenching 48-18 α′(α″) 
Air cool 7-9 α+α′(α″) 
Air cool 3.5 α+α′(α″)+ β 
Furnace cool 0.024-0.4 α+β 
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Figure 7-3 EBSD images for SLM samples (A) untreated (B) stress relieve annealing; (C) mill 
annealing, (D) recrystallization annealing (E) β annealing (F) Grain size 
 
Also according to Figures 7-3(D) and 7-4(B) the volume fraction of β in 
recrystallization annealing increases to 17.5% and secondary α nucleates on β 
boundaries so increasing β boundaries lead to increasing the growth rate of 
secondary α phase. Moreover, primary α is retained, and the result is larger grain size 
consisting of α phase which is shown in Figure 7-3(E). SLM has been carried out under 
controlled atmosphere with remaining small value of oxygen and nitrogen also Ti has 
a strong affinity to these elements in local melting zones. It is reported that oxygen 
and nitrogen contamination with 0.2% and 0.12% respectively, has been found in the 
bulk of printed Ti-6Al-4V. This acts as an α stabilizer, with respecting higher chemical 
reactivity between oxygen, nitrogen and Ti. At higher temperature the value of these 
two elements and a subsequent α phase increase. Consequently, bigger grains with 
α phase was observed in β annealing [32, 34, 35].  
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Figure 7-4 (A) EBSD images of recrystallization annealing for SLM samples (B) Volume 
fraction of α and β phases for SLM samples 
 Tensile strength and elongation 
The effect of changing annealing temperature on tensile strength and breaking 
elongation for SLM and conventionally wrought samples was completely different.  
 Tensile strength and breaking elongation of SLM samples 
For printed Ti-6Al-4V, high stability of the lamellar microstructure was reported after 
annealing [20, 25]. In SLM samples owing to precipitations in α’-phase the strength 
of as-built samples was extremely higher than wrought samples (%30). Increasing the 
holding temperature results in α-phase coarsening and decreasing strength. In stress 
relieving and mill annealing of SLM samples by increasing temperature and grain size 
the value of elongation shows a small increasing trend. Increasing HT temperature in 
the range of α+β results in increasing the percentage of β up to %17.5 and formation 
of equiaxed microstructure Figure 7-4 (B) and a significant increase in elongation. In 
α+β annealing precipitating of beta on α’ leads to decreasing tensile strength [20]. In 
this HT due to low cooling rate primary α retains itself and β is transformed to 
secondary α. Therefore, the microstructure is the mix of lamellar, equiaxed and 
acicular. Formation of α-globular can also be related to partial remelting in the 
overlap of two hatches. Also, the formation of β is a direct function of low cooling 
rate and, in this case, β is transferred to secondary α lamellae and primary acicular α 
is changed to equiaxed α. This microstructure is extremely ductile compared to 
acicular structure [25, 26, 30, 33]. The minimum value of tensile strength and 
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breaking elongation according to ISO 5832-3 standards should be 860Mpa and 10% 
respectively which were satisfied by recrystallization HT [36]. In β annealing the value 
of breaking elongation decreased, which is associated with increasing grain size. Also 
a slow cooling procedure leads to β (that was produced in α+ β HT) being transferred 
to secondary α and, by taking into account of retaining primary α, the size of α phase 
increases and a coarse α phase was generated. Moreover, due to higher temperature 
and slow cooling rate, self-diffusion coefficient increases and a homogenous 
microstructure consisting of α was observed. In other words, the mentioned 
phenomena in β HT results in increasing the value of α and grain size and 
subsequently decreases the value of tensile strength as shown in Figure 7-5 [25, 27]. 
Another reason for decreasing the value of tensile strength is associated with 
decomposition of the hexagonal α’-martensite, and nucleation of α precipitates at 
martensite plate boundaries, enrichment of surroundings with V as a β stabilizers 
which totally lead to the formation of the equilibrium α + β phases mixture [20]. 
 
Figure 7-5 (A) Breaking elongation for various heat treated samples (B) Tensile strength for 
different heat treated samples (S is SLM and W is wrought) 
 Tensile strength and breaking elongation of wrought samples 
As-built commercially wrought Ti-6Al-4V has a tensile strength of 900-950Mpa 
depending on previous literature. Lamellar primary α is not changed in below transus 
annealing. However the volume fraction β increases and, in addition, low cooling rate 
leads to increasing grain size about three times after mill annealing. Therefore, tensile 
strength and breaking elongation decreased. In α+β annealing grain size increased 
seven times, and bigger α laths were observed. This is related to slow cooling rate 
and retaining primary α and transforming β to secondary α. In Ti-6Al-4V β phase is 
stronger yet less ductile while fine α-phase titanium is more ductile. Hence, 
increasing the value of α results in decreasing strength and the interaction of 
increasing coarse α phase and radical growth of grain size results in decreasing 
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breaking elongation [16, 25, 26]. In β annealing, owing to higher temperature and 
lower cooling rate according to Table 7-3, the self-diffusion coefficient (DαTi) and 
(DβTi) increased and homogenized microstructure was observed (Figure 7-2 (E and 
F)). These phenomena lead to a radical increase in grain size (about 19 times 
compared to as-built samples). So it is concluded that in β annealing breaking 
elongation and strength is due to the formation of coarse α, and an extreme increase 
in grain size were decreased [25, 27].  
 Macro-hardness 
The Vickers hardness measurement on the sample part produced also illustrated that 
hardness was highly related to density. The use of a laser to form the deposited 
layers, the subsequent heat affected zones and temperature distribution determine 
the degree of martensite decomposition which affect the value of hardness in SLM 
samples. The hardness of as-built Ti-6Al-4V SLM alloy varies from 350-500HV [19, 21] 
and has good agreement with the value of 505 HV obtained in this experiment. The 
hardness of as-built SLM prototypes was 100 HV higher than wrought material that 
is related to high cooling rate (103-108 K s-1) and precipitation of α’ martensitic. 
According to Figure 7-6, the value of hardness for SLM samples after α annealing had 
a decreasing trend. This can be related to increasing the grain size and coarsening of 
α-phase which is related to HT time and slow cooling rate [25].  Decomposition of the 
α’-martensite and nucleation of α precipitates in α+β annealing is a result of 
increasing the value of secondary α and subsequently, the total value of α increased 
and the grain size raise to 52 µm. Subsequently, the value of hardness decreased to 
425HV. β annealing compares to stress relief and mill annealing has a lower hardness 
that is related to increasing the grain size and decomposition of α’ martensite to 
secondary α. Indeed, the hardness value of α+β annealing was higher than β annealed 
samples because in α+β annealing the volume fraction of β is higher and grain size is 
lower. Also, coarsening of α phase in β annealing leads to decreasing the micro-
hardness [18, 20, 21].  
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Figure 7-6 Macro-hardness of heat treated samples 
The hardness of conventionally wrought Ti-6Al-4V is reportedly ranges from 340-410 
HV depending on previous stages in the production process [25]. Figure 7-6 shows 
stress relief annealing due to a small increase in grain size and the volume fraction of 
α. The value of hardness remains unchanged, but in mill and recrystallization 
annealing increasing α and β grain sizes result in decreasing the value of hardness 
[21]. Due to higher HT temperature, in β annealing higher self-diffusion coefficient, 
low cooling rate, retaining primary α ductile, nucleation of secondary α coarse and 
an extreme increase in the grain size the value of hardness was reduced to 370 HV.  
The results of the hardness measurement are in an acceptable agreement with 
mechanical properties and microstructural observations in this investigation.  
 Fractured surfaces 
Materials with Body-centred cubic BCC and hexagonal closed-packed (HCP) crystal 
structure fractured by cleavage mechanism that is shown for as-built and β annealed 
SLM samples in Figure 7-7. As can be seen brittle cracking was affected by pores 
which are common in this additive manufacturing process. Lower roughness 
deviation for as-built samples (Figure 7-7(A)) was observed in comparison with β 
annealed samples (Figure 7-7(C)) that shows increasing ductility and proved Figure 7-
5(A). Figure 7-7(D) shows smaller micropores were observed in β annealed samples 
that can be related to partial melting on 10500C for β annealed samples. Also, river 
marking cleavage was observed in SLM samples that is a step between crack and 
cleavage and shows the direction of fracture [21, 37, 38]. The intergranular fracture 
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was observed in printed samples (Figures 7-7(B) and 7-7(D)) attributable to weak, 
brittle grain boundary phases or environmental factors such as hydrogen damage. 
This fracture surface has rock candy shape and can be related to microvoid 
coalescences [29, 37, 38].  
 
Figure 7-7 (A) Optical fractography (whole surface scan) of SLM 200C (B) SEM image of SLM 
200C (C) Optical fractography (whole surface scan) of SLM 10500C (D) SEM image of SLM 
10500C 
Under continually increasing loads micro-void coalescence is the main reason for 
fracture. Figure 7-8 shows the morphology and roughness of fracture surfaces for 
wrought samples. The as-received samples (Figure 7-8 A and 7-B) demonstrated 
characteristic large dimples due to widely spaced nucleation sites. The elongation of 
this sample was measured %12.5, which was the most ductile tested materials in this 
experiment. The fracture surface of β annealed samples consisted of dimples, micro-
holes and a few cleavage-like facets, and the surface roughness was reduced. The 
cleavages and micro-holes in the β annealed samples can be defined by evaporation 
of elements such as hydrogen in higher than transformation temperature [37, 38]. 
Moreover, Figures 7-8 (A and C) show optically filtered images (for whole fractured 
surface) for as-received and β annealed samples. The scale bars illustrate that β 
annealed samples had a lower surface roughness, demonstrating more brittle 
fracture and proves Figure 7-5(A). Finally, comparison of Figures 7-7(A), 7-7(B), 7-
8(A), and 7-8(B) shows that deviation of the fractured surface for wrought samples 
were significantly higher than SLM samples.  
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Figure 7-8 (A) Optical fractograph (whole surface scan) of wrought 200C (B) SEM image of 
wrought 200C (C) Optical fractograph (whole surface scan) of wrought 10500C (D) SEM 
image of wrought 10500C 
 Conclusion 
In this study based on F 2924-14 ASTM standard, SLM and conventionally wrought 
samples were fabricated. The effect of different annealing HT such as stress relieve, 
mill, α+β and β annealing on microstructural evolution, mechanical properties, 
macro-hardness and fracture surfaces has been investigated. The results showed that 
for SLM parts, by increasing HT temperature, strength decreased while ductility 
increased especially after α+β annealing, which is sufficient to satisfy medical 
standards. In conventional wrought samples, by increasing HT temperature, strength 
and ductility were decreased and fractography showed the reduction of ductility in β 
annealing. Furthermore, by increasing HT temperature, the hardness for both printed 
and wrought samples decreased.  
Future research will be directed toward the investigation of the effect of different 
HTs such as aging and various scanning patterns on mechanical properties and 
microstructural evolution of printed samples. 
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Chapter 8. Characterizing the effect of cutting condition, tool 
path and heat treatment on cutting forces of SLM 
Spherical Component in 5-axis milling  
This chapter has been submitted in the form it is presented here.  
Amir Mahyar Khorasani*, Ian Gibson, Moshe Goldberg, Guy Littlefair. 
“Characterizing the effect of cutting condition, tool path and heat treatment on 
cutting forces of SLM Spherical Component in 5-axis milling” Submitted to Rapid 
Prototyping Journal. 
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Abstract 
Purpose: In this paper, a predictive model for cutting forces has been developed by 
using artificial neural networks (ANNs). To understand the effect of cutting condition 
and annealing on cutting force and machinability of additive manufactured spherical 
parts.   
Design/methodology/approach: Based on Taguchi design of experiment (DOE) 32 
samples were printed by SLM machine then two post processes have been carried 
out on the samples. To show the effect of changing mechanical properties heat 
treatment at different temperatures has been carried out. The second post process 
was milling to remove dimensional deviations.  
Finding: The results of this study showed that ANN could accurately apply to model 
cutting force when using ball nose cutters. Scallop height has the highest impact on 
cutting forces followed by spindle speed, finishing allowance, heat 
treatment/annealing temperature, tool path and feed rate. The results illustrate that 
using linear tool path and increasing annealing temperature can result in lower 
cutting force. Higher cutting force was observed with greater scallop height and feed 
rate whilst for higher finishing allowance, cutting forces decreased. For spindle speed, 
the trend of cutting force was increasing up to a critical point and then decreasing 
due to thermal softening.   
Originality/value: The originality of this paper is in performing annealing at different 
temperatures and changing machining condition to determine the effect of these 
factors on the generated cutting force for spherical samples in 5 axis machining.  
Keywords 
Annealing, Ball nose cutter, Cutting force, Milling, Selective laser melting 
 Introduction 
3D printing, also termed as additive manufacturing (AM), is associated with different 
methods that utilize the coupling of computer-aided design (CAD) and computer 
aided manufacturing (CAM). In AM, layers are formed and added on the top of each 
other under computer control and almost any shape with complex geometry can be 
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produced directly from 3D CAD models [1-9]. Metal AM is becoming increasingly 
popular but applications may often require additional machine finishing. 
Different aspects of milling using ball nose cutters have been investigated such as 
analysing cutting force, vibrations, surface quality, dimensional deviations and tool 
performance. Analytical models to calculate cutting force for inclined surfaces at the 
contact point of the cutting tool by determining chip thickness, with mean and 
maximum value of cutting force, was carried out by Subrahmanyam et al. [10].  
A mechanistic cutting force model based on edge and cutting/shear coefficients 
incorporated into a transformation matrix was developed by Altintas [11, 12]. Altintas 
et al. [13] also analytically modelled axial, radial and tangential components of cutting 
forces for ball-end cutters in milling by an orthogonal structural mode. They 
simulated mechanics and dynamics of a ball-end mill by considering the 
instantaneous regenerative chip load, geometry of ball, local cutting force coefficient 
and structural transfer matrix. In another study, a general mathematical model of 
arbitrary milling cutters (including cylindrical, ball-tapered and bull-nose) showed 
that determining local cutting edge along cutting flute gives accurate results in 
modelling of cutting force, vibrations, chatter stability lobes and surface roughness 
[14]. Based on this mechanistic approach different uncut chip formation models, such 
as static and dynamic, were proposed to increase the accuracy of the model [15]. 
Gradisek et al. improved the calculation method of cutting and edge coefficients for 
cutting forces. He also validated the model using simulation and experimental tests 
[16]. In milling of Inconel 718 using ball-nose cutters, the force values increased by 
increasing cutting speed, which can be related to strain hardening. Similar increase 
of this parameter showed that the cutting force decreased in steels due to the 
dominating influence of thermal softening compared to strain hardening. Higher 
cutting forces were observed in up-cut milling as well as when using CrN coated tools 
compared to TiAlN due to the higher value of coefficient of friction for CrN [17]. 
Down-cut milling caused lower values in radial forces and subsequently tool 
deflection and vibration. Therefore, based on tool and tool holder stiffness the value 
of dimensional deviations can be observed up to 100 μm. For medical implants, the 
standard value of roundness is in the range of 0.9-7.3 μm [18, 19]. In 5-axis machining 
undeformed chip thickness and cutting force also can be obtained by solving 
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differential equations of motion and determining cutter vibrations and run-out. 
Spectrum analysis showed that in ball-end milling horizontal downward direction has 
the lowest vibrations [20, 21].   
Evaluation of cutting forces in milling of free-form surfaces using ball-end cemented 
carbide showed that when the tool tip is engaged with the workpiece the axial force 
component becomes higher than radial and tangential. This engagement prevents 
deflection and thus tool life and surface quality improved [22]. Another method to 
calculate the cutting force in milling is dividing the cutting tool into thin slices and 
determining cutting force on each slice and then summing for all teeth engaged [23].  
In this work, spherical components like the prosthetic acetabular shown in Figure 8-
1 were printed and post processing on as-built samples including heat 
treatment/annealing and machining have been carried out. Mechanical properties 
were improved by heat treatment and dimensional tolerances were satisfied by 
machining. To check the effect of heat treatment on machinability different annealing 
was carried out. The effect of tool path, feed rate, spindle speed, scallop height, 
finishing allowance and heat treatment/annealing on the cutting forces were 
analysed by using ANN modelling. To characterize the effect of each factor on the 
cutting forces, two-by-two interaction analysis using ANN was performed. 
 Experimental procedure 
 Powder material and SLM operation 
Figure 8-1 (A) shows spherical and equiaxed Ti-6Al-4V powder used in this 
experiment. To fabricate the samples a selective laser melting machine (SLM 125HL) 
equipped with a YLR-Faser-Laser with maximum scanning power 200W and minimum 
spot size 5 μm was used. To obtain fully dense and high quality samples a meander 
scanning pattern was selected and process parameters are introduced in Table 8-1. 
In this experiment, spherical components were printed as shown in Figure 8-1 (B-D). 
To avoid any possible defect in printing process the CAD model was optimized [24] to 
enable clamping of samples on the milling machine. To match the dynamometer 
dimensions a base plate with four holes was printed along with samples (Figure 8-1 
(B and D)).  
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Figure 8-1 (A) SEM image of powder morphology and size (B, C) CAD-CAM process (D) 
printed sample 
Table 8-1 SLM process parameters 
System Parameters Value 
Laser Power 100 W, YLR-Faser-Laser 
Build Speed 15 ccm/h 
Min. Scan Line / Wall Thickness 120 µm 
Operational Beam Focus Variable 100 µm 
Scan Speed 700 mm/s 
Hatch spacing 75 µm 
Layer thickness 30 µm 
Laser spot diameter  0.2 mm 
 Design of experiment (DOE) 
To avoid full factorial DOE and decreasing the number of experiments without 
noticeable loss in accuracy the Taguchi method with orthogonal array was selected. 
To increase the accuracy, factors in each column should be analysed independently 
and so if the number of replications in each column is balanced, the design order is 
called orthogonal.  
In this experiment, standard cutting conditions were adapted according to the 
recommendation of the original equipment manufacturer (OEM) for cutting tool and 
also machine specifications. Based on this, a Taguchi L32 model with 6 factors (tool 
path, feed rate, spindle speed, scallop height, finishing allowance and heat 
treatment/annealing temperature) was selected according to Table 8-2.  
Table 8-2 Cutting condition levels 
Tool 
Path* 
Feed rate  
(mm/min) 
Spindle 
speed  
(rpm) 
Scallop Height 
(mm) 
Finishing Allowance 
(mm) 
Heat treatment  
Temperature C0 
1 232 2387 0.0015 0.06 20 
2 250 2785 0.003 0.12 600 
- 266 3183 0.0045 0.18 750 
- 284 3581 0.006 0.24 1050 
*Note: tool path 1 is helical and 2 is linear 
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 Milling operation 
The surface quality of as-built SLM samples are inferior and therefore, post 
processing, such as machining, is needed to improve the surface quality for printed 
prototypes. A Spinner U 620 machining centre with 5 axes and maximum 20000 rpm 
was utilized for post processing. The size of the cutter was selected based on 
component radius and tool manufacturer recommendations. Thus a 8 mm solid 
carbide end ball-mill was selected for milling and cutter specifications are shown in 
Table 8-3.  
As-received SLM samples have low ductility (around 3%) so during machining an 
engraving effect on the surface is expected. To solve this problem, and enhance 
mechanical properties, heat treatment was recommended [25-27].  
Table 8-3 Cutter specifications 
Diameter 
mm 
Helix 
angle 
Radial 
relief 
angle 
Radial 
clearance 
angle 
Elastic 
modulus 
GPa 
Passion’s 
ratio 
Density 
g/cm^3 
Yield 
strength 
MPa 
Hardness 
HV 
8 30 11 25 550 0.23 14 4650 1700 
 
To obtain cutting force signals in Cartesian coordinates a Kistler 9257B piezoelectric 
dynamometer with amplifier was utilized. To avoid Aliasing noise and according to 
the highest spindle speed and the number of flutes on the cutter, sampling frequency 
was selected to be 300Hz. In machining of spherical components by moving the 
cutting tool from the edges to the centre of the work-piece, the cutting area also 
moves from the highest point on edges toward tool tip at the centre. Cutting speed 
becomes zero in the centre of workpiece due to the sphericity and therefore, surface 
quality in this area is decreased. It is highly important to maintain the surface quality 
in the centre of spherical components, such as in human prosthetic hips, and to avoid 
losing this surface quality, samples were rotated by 450 according to Figure 8-2 (A-B) 
and 5 axis machining was carried out.  
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Figure 8-2 Experimental set up 
 ANN modelling 
 Artificial Neural Networks (ANNs) 
A statistical learning algorithm based on understanding of the biological neurons is 
generally referred to as an ANN. This application has been extensively used in 
modelling and prediction of different industrial operations; such as machining [28-
30]. The basic elementary unit in ANNs is the neuron which acts as a simple processor 
for performing computations between inputs and outputs. ANNs work based on 
three steps: training, test/validation and recall. In the training procedure, input 
parameters such as weights and momentums are regulated and to avoid falling in 
localised traps (local extremums), a test process must be carried out. Then, in recall, 
the performance of the training and the ANN’s accuracy is assessed by using a new 
set of tests. Multi-layer perceptron (MLP) ANN is a suitable application to predict the 
behaviour of procedures such as milling or turning, especially when the outputs are 
not a linearly separable combination of inputs. The mentioned network works on a 
supervised learning method stated “backpropagation” in the training process. This 
network has a good capability in function approximation provided that appropriate 
selection of hidden layers is made.  
 MLP Neural Networks Modelling  
In these experiments to obtain an accurate model for function (force) approximation, 
tool path, feed rate, spindle speed, scallop height, finishing allowance and heat 
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treatment temperature were selected as inputs and three Cartesian components of 
cutting force (Fx, Fy and Fz) as outputs. The most efficient network structure was 
obtained as 6×5×4×3×3 and Sigmoid transfer function was chosen with a total 
number of iterations was 5000. In order to train the network 21 samples were used 
and a validation/test was carried out using three samples to evaluate the accuracy of 
training and to avoid falling into local extremum during the operation of the model. 
Also, to verify the accuracy of the designed network eight samples were utilized. 
Figure 8-3 shows the trend of error improvement for both training and test processes 
which proves that the mentioned network operates effectively.  
 
Figure 8-3 RMS error for (A) training and (B) Validation 
 Cross-validation (rotation estimation) and recall procedure 
Cross validation/rotation estimation is a model verification approach for evaluating 
how the results of the statistical computation will generalize to an independent data 
set. To assess the generality of our model cross validation was undertaken four times. 
In each cross-validation 8 samples were used from a DOE list with equal dispersion 
so all of the experiments were used in both (train+test) and recall procedures to offer 
a general comprehensive model for cutting force prediction. As indicated in Table 8-
4 the correlation of the training, test/validation and recall for all cross validations 
were obtained higher than 92% to demonstrate that the designed network is 
applicable for function approximation in this study.  
Table 8-4 Correlation results for cutting force in cross validations 
 Correlation train % Correlation test % Correlation recall % 
Force direction Fx Fy Fz Fx Fy Fz Fx Fy Fz 
Cross validation 
1st 99.03 98.92 98.75 91.87 93.26 86.12 87.12 94.54 89.33 
2nd 98.80 99.07 99.06 96.23 89.45 98.32 91.59 93.80 92.06 
3rd 98.57 99.09 99.21 94.98 94.27 99.85 95.31 95.76 96.70 
4th 97.77 98.42 98.65 98.86 98.39 97.50 93.99 93.98 94.56 
Averages 98.54 98.88 98.92 95.48 93.84 95.45 92.00 94.52 93.16 
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Figure 8-4 shows the network outputs of the ANN and target (experimental) values 
for training, test and recall in each cross validation. As demonstrated in this Figure (A, 
D, G and J) the designed network has acceptable capability in value estimation and 
behaviour prediction of cutting forces. Figure 8-4 (B, E, H and K) show the suitability 
of the network operation regarding behaviour prediction of the cutting forces; only 
small errors are observed in the quantities. Finally, Figure 8-4 (C, F, I and L) prove that 
the designed network has good ability in recall or verification procedure; however 
small errors in some areas were observed that were attributed to the small number 
of experiments in this study.   
 
 
 
 
Figure 8-4 Results of the proposed model for training, testing/validation and recalling steps 
in 4 cross validations 
 Results and discussion 
 Average Contribution of Input Nodes on Outputs 
In this section, in order to determine the most inﬂuential parameter on cutting force 
an interrogator analysis using the proposed ANN was carried out. The average 
contribution of input nodes on outputs provided a ranking of the most effective 
parameters on cutting forces from highest to lowest: scallop height > spindle speed 
> finishing allowance >  tool path > heat treatment/annealing temperature > feed 
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rate (Figure 8-5). Scallop height was found as the most important factor in agreement 
with the literature therefore, in the next step interaction analysis for scallop height 
versus other factors has been carried out.  
 
Figure 8-5 Percentage of input contribution on cutting forces 
 The interaction of scallop height versus tool path and feed rate 
Figure 8-7 (A, C and E) also shows that scallop height is the more influential parameter 
compared to tool path. Also, this Figure depicts that the value of cutting force greatly 
increased when a helical tool path was used. This is related to the nature of the 5-
axis machining. In this research, as stated in section 2.3, in order to obtain better 
surface quality in the centre of the spherical part, the milling table was rotated about 
450 (Figure 8-6(A)). At the start of the machining with helical tool path, the contact 
area as shown in Figure 8-6(B) is the cutting edge which has the highest efficiency. 
This area is shown by location number 1 in Figure 8-6(D) and this surface has radial 
rake angle (Figure 8-6 (C)) to send chips in helix slot. When cutter moves to the lowest 
point of the cutter (Figure 8-6 (E)) contact area is changed from point 1 to point 2 in 
Figure 8-6 (D) and as it is shown this area doesn’t have radial rake angle (Figure 8-6 
(F)). Therefore, by taking into account of constant radial relief and clearance angles 
for cutter in both points 1 and 2, wedge angle is increasing and the rake angle is zero.    
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Figure 8-6 (A) milling operation (B) material removing by cutter edge (C) cross section of 
tool in flute area (D) head of the cutter (E) material removing by tip of the cutter (F) cross 
section of tool in ball head area (G) machined part by helical tool path 
The contact edge of cutter will change from Figure 8-6 (C) to 8-6 (F) and this 
phenomenon is the same as when using a worn tool so the cutting force in this area 
increased. Another reason for increasing cutting force in helical tool path is shown by 
moving the cutting area from point 1 to point 2 in Figure 8-6 (D) where the diameter 
of cutting tool decreases and the contacting/hitting frequency significantly increases 
(when point 2 in Figure 8-6 (D)) is in contact with workpiece the dynamic of milling is 
the same as turning), taking into account the low elastic modulus for titanium, 
relatively high levels of spring back and subsequently vibrations were observed. The 
result is increasing cutting force and an engraving effect (Figure 8-7 (A, C, E) and 
Figure 8-6(G) also shows that this is related to the brittle nature of SLM process [31-
33]. In the linear tool path the tip of the cutter in very tiny area acts as a 
cutting/contact edge, therefore, lower surface roughness and cutting forces were 
observed.  
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Figure 8-7 (A, C, E) The interaction of scallop height versus tool path for different force 
components (B, D, F) The interaction of scallop height versus feed rate for different force 
components 
Figure 8-7 (B, D and F) show scallop height has higher impact than feed rate on the 
value of cutting force. By taking into account force in the cutter as a distributed force 
[34], it has been mentioned that increasing scallop height leads to increasing contact 
surfaces and this has direct relation to cutting forces. In this experiment, cutting force 
increases as a function of increasing feed rate in agreement with the literature. This 
is a key factor in selection of cutting parameters to avoid workpiece damage and tool 
wear [10, 28, 29, 35]. In milling of free-form surfaces due to simultaneous 3D motion 
of the cutting tool, the centre of mass for each chip is calculated according to 
Equation 1: 
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where rcm is the distance for centre of mass to the origin, and mchip is chip mass. By 
supposing Vcm as a velocity of centre of mass, the total applied force on body of each 
chip is obtained according to the following equation:  
x
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x x x
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y y y
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z z z
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where (p) is a momentum. By determining Equation 2 and taking into account of m≠0, 
increasing feed rate (Vcm) results in increasing the value of generated force. Figure 8-
7 (B, D and F) shows that the mentioned phenomenon increased the value of cutting 
forces by 45% for an increase in scallop height of 0.003mm.   
 The interaction of scallop height versus spindle speed and finishing 
allowance 
Figure 8-8 (A, C, E) shows that scallop height has higher impact on the value of 
generated cutting forces compared to spindle speed. By assuming distributed forces 
on cutter edges [34], increasing scallop height leads to increasing the value of cutting 
forces and also, according to Equation 2 cutting force is a function of speed/velocity. 
Therefore, by increasing both parameters an increase in the value of cutting forces is 
observed. This may also be related to the strain hardening effect during machining 
[17].  For scallop heights of greater than 0.0045mm and spindle speed higher than 
2700 rpm, the value of cutting forces decreased which is mainly related to thermal 
softening as shown in the literature [36-38]. Another reason for the mentioned 
phenomenon may be related to the reactivity of the titanium with cutting tools. In 
the machining of titanium alloys, cutting tools suffer from high chemical reactivity of 
this element. Titanium, and its alloys, have chemical tendency to react with most 
cutting tools at higher than 5000C resulting in loss of sharp cutting edges. Raising the 
temperature in the cutting area, combined with higher pressure, increases the 
chance of chip welding to the cutter and severe dissolution-diffusion wear occurs 
which is strongly associated with thermal softening.    
Increasing spindle speed leads to increasing cutting rate and subsequently decreasing 
non-contact time (cooling time) and subsequently raising temperature in the cutting 
 
 
263 
 
zone, resulting in thermal softening. However, Figure 8-8 (A, C, E) shows that the 
trend of thermal softening in (y) direction is stronger than (x) and (z) directions. This 
is related to the use of cutting fluid in these machining tests. According to published 
reports [39-43], thermal effects in bulk of the workpiece is higher than at the surface 
due to utilizing cutting fluid. As it is shown in Figure 8-2 (B), the direction of cutting 
force in (Y) is toward the bulk of the material while, in (X) and (Z) directions are 
tangential to the surface and this surface is in contact with cutting fluid. Therefore, 
surface of the titanium has low temperature compare to bulk and by taking into 
account the high deformation resistance of titanium, greater cutting forces are 
observed in (X) and (Z) components of the force at higher spindle speed.  
 
Figure 8-8 (A, C, E) The interaction of scallop height versus spindle speed for different force 
components (B, D, F) The interaction of scallop height versus finishing allowance for 
different force components 
Figure 8-8 (B, D, F) illustrates that scallop height has higher impact on cutting forces 
compared to finishing allowance. This occurrence can be explained by a mechanics 
of machining point of view. According to Figure 8-9 (A) the direction of cutting force 
in Z is axial, with the direction toward the machine head and bearing. By determining 
cutting force in the Z direction on cross-section of the tool we encounter an Eigen-
buckling problem. In our test we used solid carbide cutting tools with 1700 HV, 
overhang length 39.00mm and tool diameter 8mm. To that end, the cutter can be 
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determined using Timoshenko beams. Since the cutter is so strong and the Spinner 
U620 machine centre has a strong bearing system, machine head and high stiffness 
materials for the spindle, no reports on buckling of cutting tool have been found [34, 
44-50]. However, in the milling of free-form shapes, cutting forces in X and Y 
directions, which are enforced to the lateral surfaces of the tool, lead to deflection 
because there is no support for the tool opposite to the contact edges, as shown in 
Figure 8-9 (A) (upper). In this case the cutter can be modelled as cantilever 
Timoshenko or Euler-Bernoulli beams which we mentioned it in our previous 
research [34]. Thus, part of the applied force in X and Y directions is spent on the 
deflection and the other part applied to the cutting tool. As a conclusion, cutting force 
in the Z direction has higher impact on the cutter compared to X and Y directions. 
Consequently, scallop height (axial depth of cut) has an effect on the Z direction of 
the cutting force and finishing allowance (radial depth of cut) has an effect on X and 
Y components. This occurrence is explained by the interaction diagram obtained from 
the ANN’s model in Figure 8-8 (B, D, F) and the interaction between finishing 
allowance and scallop height shows that scallop height is the more influential 
parameter. Another proof for the mentioned trend is shown by the value of force 
reduction for constant scallop height while increasing finishing allowance. Figure 8-8 
(B, D, F) shows that with a  scallop height of 0.003mm, increasing finishing allowance 
from 0.006mm to 0.24mm results in about 33% reduction in cutting forces. Reduction 
in forces of 15% and 8% were observed for scallop heights of 0.0045mm and 
0.006mm respectively. Therefore for larger scallop heights the effect of finishing 
allowance on cutting force becomes smaller. 
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Figure 8-9 (A) The effect of cutting force in different directions on cutter (B) thermal 
conductivity versus heat distribution on various cutting tools [31] Note: changing Z 
direction of force in Figure 9(A) is showing the reaction of force toward the cutting tool 
Titanium is well known to exhibit high cutting temperatures in machining. With 
characteristic smaller chip production, especially for SLM components, a high 
temperature gradient is observed in cutting edges. According to Figure 8-9 (B) in the 
machining of Ti-6Al-4V, the vast majority of generated heat (about 80%) is conducted 
into the tool and it cannot escape from the workpiece due to the low thermal 
conductivity, which is approximately one sixth that of steel. Indeed, the generated 
heat cannot release from the small flying chips which are highly associated with the 
brittle nature of SLM parts.  
Cutting force and power consumption in the machining of titanium alloys are 
reported to be similar to steels; however, much higher mechanical stresses are 
generated in the vicinity of the cutting edge. These stresses are higher than Nimonic 
105 and three to four fold higher than steel CK53N. The reason is related to thin chip-
tool contact area (about one-third of steels using the same cutting conditions) on the 
rake face. As a result, a very tiny zone between the chip and the tool which is about 
8 μm and a high temperature (11000C) during machining of Ti alloys has been 
reported [31, 51-54] compared to 50 μm for steels using the same cutting conditions. 
In our tests smaller chips which are generated from using a lower finishing allowance 
results in higher pressure on small areas leading to high temperature and thermals 
shocks on the cutting tool. The production of smaller chips can be related to the 
brittle nature of additive manufacturing and by the fact of low thermal conductivity 
 
 
266 
 
for titanium (21.9 W/(m·K)). This phenomenon results in tool wear and increasing 
cutting force. Also, use of the small finishing allowance does not lead to thermal 
softening in the workpiece because discontinued chips are dispatched from the 
surface and they are cooled by cutting fluid [10, 31, 55]. Another reason is associated 
with high resistance of titanium alloys to deformation at elevated temperatures and 
this only decreases in higher than 8000C indeed, very tiny area of cutting tool has high 
temperature which is not transformed to the bulk of the workpiece. [31, 32]. In higher 
finishing allowance, by increasing the contact area, the value of cutting forces 
decrease on account of lower cutting pressure and thermal shocks on the rake face 
of the cutter. Thus, due to cutting effect of sharp edges low cutting forces was 
observed compared to small depth of cut (Figure 8-8 (B, D and F)). 
 The interaction of scallop height versus heat treatment/annealing 
temperature  
Figure 8-10 (A-C) shows the interaction of scallop height versus heat 
treatment/annealing temperature on cutting forces. Analysing this Figure shows that 
scallop height has higher impact on the value of cutting forces compared to heat 
treatment/annealing temperature. Increasing heat treatment/annealing 
temperature results in decreasing cutting forces that can be related to the four main 
issues containing; microstructure, tensile strength, breaking elongation and macro 
hardness.  
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Figure 8-10 (A, C, E) The interaction of scallop height versus heat treatment temperature 
for different force components (D) EBSD images for untreated samples (E) β annealing 
 Microstructure of SLM samples 
The microstructure of as-built SLM samples have smaller grain size compared to 
conventional wrought parts related to high cooling rate in the printing process  [33, 
56-58]. In this investigation, a meander scanning pattern has been used to achieve 
higher strength and density and due to a temperature elevation and high cooling rate, 
α’ martensitic, was observed that increased tensile strength up to 1.35Gpa and 
decreased breaking elongation to 3% [59-61]. Heat treatment procedure below 
transus temperature is called “α annealing” including stress relieving and mill 
annealing. This heat treatment on Ti-6Al-4V alloys results in increasing grain sizes in 
a fraction of the β phase and relaxation of internal stresses [62]. It is reported that 
high internal stresses in SLM is released in α annealing by diffusion and dislocation 
motion [63]. For SLM Ti-6Al-4V parts, α annealing followed by furnace cooling results 
in retaining primary α and a small value of secondary α grows, so slight increase in 
grain size was observed [33]. Based on previous research [33] the volume fraction of 
β in recrystallization annealing (annealing in 900-10000C) increases to 17.5% and β 
boundaries becomes a suitable place for nucleation of secondary α so total fraction 
of α phase increases. Fabrication process in SLM is fulfilled under controlled 
atmosphere, but small value of oxygen and nitrogen has been reported in the bulk of 
printed materials. Ti has high affinity with the mentioned elements in local melting 
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zones. These elements act as a α stabilizer and their existence is a factor of 
temperature. Thus, bigger grains with α phase were found in β annealing [63-65]. In 
β annealing of SLM Ti-6Al-4V parts, three fold increasing in the grain size was 
observed that is related to high diffusion rate in 10500C and low furnace cooling rate 
(0.1458 0C/s). Therefore, self-diffusion coefficients greatly increased and 
homogenization of microstructure consisting of primary and secondary α occurred 
Figure 8-10 (E) [66, 67].The effect on tensile strength, elongation, macro hardness 
and subsequently in milling, cutting forces which will be outlined in the next steps.  
 Tensile strength  
High stability of the lamellar microstructure was found after annealing of printed 
samples [66, 67]. Due to precipitations in α’-phase the strength of as-built samples is 
much higher than wrought parts (about 30%). In mill annealing and stress relieving 
due to increase in the grain size tensile strength decreased slightly. However, in β 
annealing slow cooling rate causes transformation of β to secondary α and results in 
significant increase in the α size and formation of coarse α phase. Likewise, by 
increasing self-diffusion coefficients a homogeneous microstructure consisting of α 
was observed and consequently the value of tensile strength decreased to 980Mpa 
(Figure 8-11 (A)) [52, 58]. Decreasing the value of strength is also associated with the 
decomposition of the hexagonal α’-martensite, and nucleation of α precipitates at 
martensite plate boundaries, enrichment of surroundings with V as a β stabilizers 
which leads to the formation of the equilibrium α + β phases mixture [51]. 
 
Figure 8-11 (A) Breaking elongation for various heat treated samples (B) Tensile strength for 
different annealed samples  
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 Breaking elongation 
Small increasing behaviour in the value of elongation was observed in stress relieving 
and mill annealing. In β annealing beta growth in residence time then precipitates on 
α’ martensite and because of low cooling rate primary α retains itself and 
transformation of β to secondary α was observed. This transformation is more 
significant compared to stress relieving and mill annealing because higher value of β 
is generated in residence time during beta annealing. Therefore, according to Figure 
10 (E) bigger grains containing high value of α and small value of β was observed and 
breaking elongation extremely increased (Figure 8-11 (B)) [61, 66-70]. 
 Macro-hardness 
In SLM, process parameters, heat affected zones and temperature distribution affect 
the degree of martensite decomposition which determines the value of hardness. 
The hardness of as-built Ti-6Al-4V was obtained around 500 HV which is shown in 
Figure 8-12 [71, 72]. This value is about 25% higher than wrought samples that is 
related to high cooling rate and precipitation of α’ martensitic. Figure 8-12 illustrates 
that the value of hardness for SLM samples after α annealing had a falling trend that 
is attributed to slow cooling rate, increasing grain sizes to 52 µm, precipitation of α 
in α’martensite and coarsening of α phase. Thus, the volume fraction α increased and 
the value of hardness approximately 20% decreased [57, 66, 67, 72].  
 
Figure 8-12 Macro-hardness of heat treated samples 
Consequently, Figure 8-10 (D, E), 11 and-12 demonstrate that by increasing annealing 
temperature the value of hardness decreased which can explain the falling trend in 
the value of cutting forces  in Figure 8-10 A-C. 
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 Cutting force in different directions 
Table 8-5 shows the average value of cutting force in each direction for helical and 
linear tool paths.  
Table 8-5 The average value of cutting force for each tool path 
Helical tool 
path X (N) 
Helical tool 
path Y (N) 
Helical tool 
path Z (N) 
Linear tool 
path X (N)  
Linear tool 
path Y (N) 
Linear tool 
path Z (N) 
44.13 64.04 52.06 52.99 49.05 48.81 
This table demonstrates that in helical tool path, due to the longest cutter movement 
being in the Y direction, the cutting force has the highest value, while for linear tool 
path the longest movement and force were obtained in X direction. 
 Conclusion 
In this research characterizing cutting parameters and heat treatment on the 
generated cutting force in milling of SLM fabricated spherical components have been 
analysed using numerical application. ANNs appear to possess superior capability to 
model a variety of parameters such as tool path, feed rate, spindle speed, scallop 
height, finishing allowance and heat treatment/annealing temperature on both value 
and trend in cutting force in 5axis machining. Results showed that the most influential 
parameter on the fluctuation of cutting force is scallop height followed by spindle 
speed, finishing allowance, tool path, heat treatment temperature and feed rate. 
Linear tool path produces lower cutting force compared to helical tool path. 
Increasing feed rate results in a small rising trend in the value of cutting forces, while 
increasing spindle speed has higher impact in increasing the value of cutting force 
and mainly is related to raising the value of momentum and strain hardening. 
Likewise, increasing finishing allowance results in decreasing cutting force which is 
mainly associated with decreasing cutting pressure and heat affected zones and the 
minimal contact edge of cutter. Finally, higher annealing temperature leads to lower 
hardness and subsequently cutting forces in this study. 
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Abstract 
Surface quality is a significant factor in machining that affects the accuracy of the 
produced parts, especially spherical components. In this research Ti-6Al-4V 
prosthetic acetabular shell (spherical shape) has been printed using selective laser 
melting (SLM). Two post-processes, heat treatment and machining, have been 
carried out on the printed samples to improve the mechanical properties, 
dimensional deviations, and surface quality. Samples were printed based on Taguchi 
L32 design of experiment (DOE) and in order to model the surfaces multi-layer 
perceptron (MLP) artificial neural networks (ANNs), Poisson and Taguchi methods 
have been used. The effect of machining parameters such as tool path, feed rate, 
spindle speed, scallop height (axial depth of cut), finishing allowance (radial depth of 
cut) as well as heat treatment on the value of different surface parameters were 
analyzed and discussed. Then analyis of different parameters, two by two, was 
implemented and the results were characterized based on mechanics, dynamics and 
geometry of the cutter, nature of the workpiece and SLM process. Results showed 
that MLP ANN has high potential in the modelling of surface roughness in 5-axis 
machining of spherical components. To obtain better surface quality lower feed rate, 
scallop height, finishing allowance and higher annealing temperature and spindle 
speed are suggested. Use of circular tool path leads to the generation of lower cutting 
force and better surface quality which was explained from mechanic and dynamic 
standpoints.    
Keywords 
Additive manufacturing, Heat treatment, Modelling, Post-processing, Machining, Ball 
nosed cutter 
 Introduction 
Titanium (Ti) alloys, due to non-toxicity and low allergenic properties as an implant, 
are highly used in the human body. Superelasticity and shape memory increase the 
usage of this alloy in medical applications. It is reported that 26 categories of Ti alloys 
are used in medical applications and among these groups, Ti-6Al-4V and Ti-7Al-6Nb 
have been standardized for biomaterials by ASTM [1-6]. The scientific term of 3D 
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printing is additive manufacturing (AM) and is an emerging production process 
extensively used in various industries such as aerospace, automobile, micro-
prototyping, architectural and medical. In metal-Based AM layers are added on the 
top of each other by melting of powder and complex shapes can be produced in a 
single production process. A major advantage of AM is the ability to enhance 
mechanical properties and density of the produced part by varying the process 
parameters [7]. A disadvantage of AM is a lack of dimensional accuracy and surface 
quality and therefore post-processing by machining is often necessary [8].  
In tribology roughness is one of the significant parameters that affects the value of 
friction, and the quality of produced parts. Even using the same cutting conditions 
and machine tool different roughness values are obtained so, average or standard 
deviation of some measurements should be calculated. Also, it is reported that 
machining direction and parameters are important in the value of average and 
arithmetic roughness parameters in 2D and 3D measured surfaces. Statistical tests 
such as t-test and f–test are suggested when comparing different surfaces [9, 10]. A 
number of studies on surface roughness of AM and conventionally wrought materials 
using normal and ball nose cutters are found in the literature. 
3D machining of swept surface forms of aluminium and wax using a real-time surface 
interpolator, which computes reference points in each controller interval, showed 
good accuracy  in roughness prediction of curved surfaces. The interpolator used G05 
(based on ISO 6983 standard) tool path planning, tool path interpolation and real-
time offset compensation. Results showed that this method efficiently performed all 
the required geometrical calculations, but it is only performable for open architecture 
CNC controllers [11]. Using Khattree-Naik’s plots in processing multivariable data 
such as roughness parameters and transitional surface showed the accuracy of this 
method in freeform surfaces. However, to launch and run this method many 
parameters in six main groups are needed which make it difficult to use [12]. 
Analytical relations for surface roughness calculation in spherical and cylindrical 
samples illustrated that roughness had been defined as a function of feed rate, tool 
path interval, radius of curvature and the radius of the cutter. These models are 
limited to the defined shapes and geometries and not applicable for other free-form 
surfaces [13]. In 3-axis machining of inclined and cylindrical workpieces the axial 
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component of force does not affect vibrations and surface roughness. The reason is 
attributed to the fact of that this component does not deflect the cutting tool during 
machining. In free-form surface milling, the roughness at the workpiece edge was 
higher than other places because the tool tip exits the workpiece, therefore, cutting 
speed increases and plastic deformation ceases. Also, the same roughness of this part 
of the workpiece was obtained for both descendant and ascendant milling due to 
change of the effective diameter of the cutter. In other parts of workpieces ascendant 
milling results in rougher surfaces [14]. An experimental study in ball-end milling of 
Inconel 718 depicted that machining bands that are generated next to each other 
have different roughness. This is related to machining conditions and vibrations. This 
investigation showed that smoother surface was obtained on dry machining 
compared to air chilled machining and it is associated with adherence of fragmented 
chips on the machined surfaces. Smoother surfaces were also obtained on the lower 
depth of cut, feed rate, higher cutting speed, and descendant milling. In more passes, 
lower surface quality was observed which mainly related to the work hardening of 
previous passes [15]. Also, investigation on 3 and 5-axis machining of turbine blades 
demonstrated that adequate surface finish could not be obtained in 3-axis due to the 
variation of the tool position along the workpiece surface. However, a feed rate 
adjustment algorithm is suggested to compensate for this limitation [16, 17]. 
Moreover different experimental investigations proved that surface roughness is a 
function of the wide range of parameters such as cutting condition, vibration, tool 
material and radius, machine tool characteristics, cutting force, workpiece material 
and machining strategies [18]. Artificial intelligence can be an accurate application in 
online modeling and optimization of the mentioned parameters such as cutting force 
and surface roughness in machining operations with the potential for over 90% 
accuracy [19-21]. 
In this study SLM spherical parts were printed and heat treated then to achieve higher 
surface quality 5-axis milling has been carried out. Roughness was modeled by using 
MLP ANN, Poisson regression and Taguchi models and the correlation percentage 
analysis of each model on the value of surface roughness was presented. The 
percentage of contribution for each input on outputs was discussed and the effect of 
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these in the roughness behavior regarding trend, values and importance have been 
scrutinized.  
 Experimental procedure 
 Powder material and SLM operation 
In this experiment, a selective laser melting machine (SLM 125HL) with a YLR-Faser-
laser fed by spherical equiaxed Ti-6Al-4V powder was used. Process parameters are 
shown in Table 9-1. Meander scanning pattern was used to achieve higher 
mechanical properties and fully dense samples based on previous investigations and 
to avoid any problem in the fabrication process optimization on the geometry of the 
samples has been carried out [8]. According to dynamometer dimensions a base plate 
was printed with the sample to clamp with low vibrations and without any clearance. 
Figure 9-1 shows powder used in this experiment and a printed sample. 
 
Figure 9-1 Ti-6Al-4V powder and printed sample 
 
Table 9-1 Process parameters 
Process Parameters Value 
Build speed 15 ccm/h 
Hatch spacing 75 µm 
Laser power 100 W 
Layer thickness 30 µm 
Laser spot diameter  200 µm 
Min. Scan Line / Wall Thickness 120 µm 
Operational beam focus variable 100 µm 
 Design of experiment 
In experimental work to decrease the number of experiments and cost without 
significant reduction in accuracy, DOE is suggested. In this study, Taguchi L32 DOE has 
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been planned and the factors in each column were analysed independently. To 
increase the accuracy of Taguchi method the number of replications in each column 
should be equal and therefore, the orthogonal array was chosen.  
Based on cutting and machine tool manufacturer recommendations, cutting 
conditions (including feed rate, spindle speed, scallop height and finishing allowance) 
were selected. To examine the effect of tool path on machined surfaces two different 
paths (helical from out to the centre of workpiece, and linear) were selected.  
 First post-processing (Heat treatment) 
As-built SLM samples have comparatively high tensile strength and low ductility. To 
increase the value of ductility and machinability of the parts different annealing 
processes have been carried out. Table 9-2 shows the level of selected parameters 
[22]. 
Table 9-2 Cutting condition levels 
Tool 
path* 
Feed rate  
(mm/min) 
Spindle 
speed  
(rpm) 
Scallop height 
(mm) 
Finishing allowance 
(mm) 
Heat treatment  
temperature C0 
1 232 2387 0.0015 0.06 20 
2 250 2785 0.003 0.12 600 
- 266 3183 0.0045 0.18 750 
- 284 3581 0.006 0.24 1050 
 
*Note: tool path 1 is helical and 2 is linear 
 Second post-processing (Milling) 
Machining as a post-process is needed for AM due to the low surface quality of as-
built samples. The value of surface quality is important for produced parts notably 
when parts are sited together for assembly. A 5-axis Spinner U620 milling machine 
center and 8mm solid carbide ball end mill was used for machining. The specification 
of the cutter is shown in Table 9-3.   
Table 9-3 Cutter Specifications 
Diameter 
mm 
Helix 
angle 
Radial 
relief 
angle 
Radial 
clearance 
angle 
Elastic 
modulus 
GPa 
Poisson’s 
ratio 
Density 
g/cm^3 
Yield 
strength 
MPa 
Hardness 
HV 
8 30 11 25 550 0.23 14 4650 1700 
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Cutting forces in Cartesian coordinates were captured by using a Kistler 9257B 
dynamometer for further analyse. In machining of circular form surfaces the cutting 
area is on the edge of the cutter at ball shaped flute and shank meeting point. By 
movement of the cutter from edge to the center of the workpiece contact area will 
move to the tip of the cutter. By taking into account the mentioned point cutting 
speed in the center of the workpiece has zero quantity which is very important to 
keep the sphericity of the workpiece. This movement results in reduction of the 
sphericity. To compensate this issue, the bed of the machine was rotated 450 and 5-
axis machining was carried out.  
  Surface roughness measurement 
Surface roughness measurement has been carried out by using Alicona Infinite Focus 
optical profilometer which is equipped with 5 to 100X zoom. To have consistency in 
the obtained results and based on machining standards for surface roughness 
measurement regions 10×3mm located into the center of the workpieces were 
scanned to achieve the value of the surface roughness. The surface roughness was 
measured perpendicular to the feed direction resulting in the highest value in the 
machined surface. Also, measurement was carried out at least five times in each 
scanned area to achieve better results [17].  
 Analysing the obtained data from DOE 
In this section, the measured values for surface roughness are examined to verify the 
accuracy of experimentation. From statistical standpoint signal-to-noise (SN) ratio is 
a criteria that Taguchi used for analysing his design of the experiment. The criteria 
‘smaller is better’ is used when the objective was to make the response as small as 
possible so in this experiment this criteria was chosen to decrease the surface 
roughness. There is a ‘main effect’ when various levels of each factor influence the 
repose differently [23]. In this analysis horizontal lines show there is no main effect; 
however, when the different level of factors affects responses differently, the lines 
are changed to vertical or a different angle. Figure 9-2 shows main effect plots for 
means and SN to show the validity of obtained data from DOE. The lowest values for 
each factor in means plots (Figure 9-2 (A) and (C)) are equal to the highest values in 
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SN plots (Figure 9-2 (B) and (D)) therefore, these plots prove that the experiments 
are correct and there is no need to repeat the tests.  
 
 
Figure 9-2 Means and SN plots (A and B) average roughness (C and D) mean roughness 
depth  
 Machining process modelling 
In this section different modelling on milling operation such Poisson regression, 
Taguchi, and ANNs were undertaken to compare the accuracy of the proposed 
models.   
 Cross-validation (rotation estimation) and recall procedure 
Cross-validation/rotation estimation is a model validation method to assess the 
general results of each model. To evaluate the generality of the models that will be 
introduced in the next steps cross-validation was carried out four times. For training 
and test 24 samples were used with regular dispersion order and the remainder (8 
samples) were used in verification. Cross-validation has been carried out four times, 
and all data were examined in the verification process to have a similar comparison 
between the three introduced models.  
 Poisson regression model 
In probability theory and statistics, Poisson regression is a discrete probability 
distribution that describes the probability of some events happening in a fixed 
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interval of the area if they occur with a specified average rate and independent of the 
time since the last event [24]. In this experiment, the area of 10×3mm in the center 
of the workpiece was scanned, and different parameters in this area were measured. 
Surface roughness measurement was independent for each sample, and this process 
was performed with constant device setting, and the scanning process was carried 
out on fixed interval time, therefore, Poisson regression model is suitable for 
modeling of the process. Figure 9-4 (A-B) shows that Poisson regression model has 
appropriate accuracy for predicting the trend of average roughness Ra and mean 
roughness depth (Rz) values; however, when modeling Rz some peaks weren’t 
covered by a predictive model that can be related to the nature of the machining and 
material. In this experiment, workpiece is made by SLM process, so porosities were 
observed in as-built samples as well as after machining because the depth of pores is 
higher than finishing allowance and scallop height. As a result peaks were observed, 
notably around pores (Figure 9-3), and the predictive model for mean roughness 
depth (Rz) could not estimate unpredictable peaks  as shown by a green circle in 
Figure 9-4 (B). In the next step, Taguchi regression model has been carried out to 
compare with Poisson model.  
 
Figure 9-3 Porosities after machining (A) test 12 (B) test 26 
 Taguchi model 
To predict signal-to-noise (S/N) ratios and response characteristics for selected factor 
settings in DOE Taguchi predictor model was used. Taguchi predictor examines the 
response tables and main effects plots to identify the setting and factors that have 
the highest effect on responses and S/N ratio.  
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Figure 9-4 Prediction of ANN model and experimental targets (A) Ra Poisson model (B) Rz 
Poisson model (C) Ra Taguchi model (D) Rz Taguchi model (E) Ra ANN (F) Rz ANN 
In this experiment by selecting different combinations of setting factors it was 
mentioned that the best predictor model was obtained using all linear terms for 
inputs. Figure 9-4 (C, D) shows the correlation results of the Taguchi predictor and 
experimental measurements. As it can be seen in Figure 9-4 (D) the value of 
roughness for some peaks was not predicted that is mainly related to the discussed 
reasons in the previous section.   
 Neural network model 
Artificial neural networks are mathematical models inspired by the behaviour of 
biological systems and can be described as mapping of an input space to an output 
space. This tool is extensively used in modeling, prediction and analysing the 
interaction of parameters in different industries such as manufacturing, aerospace 
medical, etc. [19, 21, 25]. This model is working in three stages containing training, 
test/validation and recall. ANN’s initial parameters such as weight and momentums 
are set in training and to avoid falling into localized errors/traps, a test process must 
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be implemented. Verification of the proposed model is examined in the recall 
process. When the inputs and outputs are not linear separable combinations of each 
other, MLP neural network is an appropriate tool to model the problems. In this 
experiment inputs were tool path, feed rate, spindle speed, scallop height, finishing 
allowance and heat treatment temperature and surface roughness parameters (Ra 
and Rz) were the outputs. In this research on account of performing 5-axis machining 
the outputs are not linearly separable combination of inputs, therefore, we used MLP 
neural network. The best structure was obtained 6×5×4×3×2 with Sigmoid transfer 
function between layers and 100000 iterations. To train and test the network 21 and 
3 experiments have been used respectively, and the remaining 8 trials were used in 
the recall process. Figure 9-4 (E) and (F) shows that the ANN has high performance to 
predict the trend of changing roughness for both Ra and Rz. This Figure also shows 
that ANN could not predict some peaks for Rz however, the general ability of ANN is 
higher than the other models.  
 Results and discussion 
In this section, different aspects for the effect of machining condition and heat 
treatment on the surface roughness such as correlation and error analysis and the 
average contribution of inputs on outputs have been discussed. Also, the interaction 
of each parameter on outputs will be outlined by using ANN and Poisson regression 
model, and different mechanical and dynamic mechanisms are discussed.  
 Statistical analysis for correlation of input on surface roughness  
Figure 9-5 shows that RMS error obtained for Poisson and Taguchi method was higher 
than 12% while for ANN this value was lower than 10% for both Ra and Rz. Correlation 
of targets (experimental measurement) and the prediction value of the projected 
models proved that ANN has the highest accuracy in roughness prediction especially 
in Ra with the correlation of 97.8%. Also, this Figure shows that due to unpredicted 
peaks resulting from the pores, the ability of the all three models to predict Rz 
reduced by approximately 10%. 
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Figure 9-5 (A-C) Correlation values and RMS errors for different models (D, E) average 
contribution of input parameters on outputs by using Poisson and ANN model 
 Average contribution of input nodes on outputs using ANN 
In this step the interaction of input parameters on outputs is discussed to present the 
order of influential parameters on the average and mean roughness depth. Figure 9-
5 (D, E) illustrates that based on Poisson and ANN analysis feed rate and finishing 
allowance have the highest and lowest impact on Ra and Rz respectively. This 
conclusion is also proved by mean effect plots in Figure 9-2. In this Figure the steeper 
the slope of the line, the greater the magnitude of the main effect. So main effect 
and contribution plots are showing that the ranking of the influential parameters 
from most potent to least potent was as follows: feed rate> Tool path > spindle 
speed> heat treatment> scallop height > finishing allowance in agreement with the 
literature [15, 26]. 
 Interaction of post-process parameters on outputs by using ANN 
and Poisson regression 
In this section, we used interaction plots to examine the relations of the most 
influential factor (feed rate) versus other factors to scrutinize the effect of alternation 
of each parameter on the surface roughness. Then each diagram and analysis is 
explained by the geometry of the cutter, mechanics and dynamics of the machining 
process. 
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 Interaction of feed rate and tool path 
In this study, surface roughness parameters increase by increasing feed rate which is 
proved by the literature [13]. To explain this matter, two cutting forces including 
static (for each interval) and regenerative or dynamic will be discussed [27-29].  
I. The effect of feed rate and static forces in tool deflection 
Increasing feed rate leads to increasing momentum for the center of mass in each 
chip. According to Equation 1 momentum P is related to the velocity of the center of 
mass 
xcm
v in each direction. 
xx cm
p mv 
 
(1) 
 
where m is the mass of cutter in cutting area. If the force is applied to the chips in 
time interval Δt the momentum is calculated by: 
xp t  x F  
(2) 
 
In differential form Equation 2 is converted to Equation 3: 
cmdvdpF m
dt dt
 
 
(3) 
 
By increasing feed rate and velocity in Equation 3 the value of cutting force increases. 
In milling of spherical components static cutting force affects the total value of tool 
deflection df that is obtained from Equation 4.  
f o c mc th td d D       2 2 2 2          
(4) 
where df is final diameter (after machining), d0 is an initial diameter, Dc is the radial 
depth of cut (finishing allowance), δmc is machine component deflection, δth is tool 
holder deflection, and δt is tool deflection. 
According to Figure 9-6 when using ball nose cutters the value of static tool deflection 
(δt) by the assumption of tool shank, tool flute and tool head is obtained from 
Equation 5 [30]. 
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Figure 9-6 (A) machining (B-D) tool deflection parts 
t s s f s bD Cos           f(L z) (1 ( ))  (5) 
Where δs is shank deflection, φs is deflection angle of shank, Lf is shank length, Z is 
the position of the deflection, δf is flute deflection and D is cutting tool diameter. 
Using Macaulay’s theory for bending of cantilever beam leads to obtaining Equation 
6 from 5.  
    
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where 21 ( ) ( )s b s bB Cos Cos       , Lb is ball length, E is elastic modulus, Is is second 
moment of inertia for shank, Fc is cutting force, Zf is the Z-directional position of the 
applied force and If is second moment of inertia for flute. By substitution of Equation 
6 on Equation 4 the total tool deflection for ball nose cutter is obtained from Equation 
7: 
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Equation 6 shows that the static deflection of the tool is related to cutting force (FC). 
When comparing two tests with different feed rates the value of static deflection in 
the same area of each test is different which is associated with momentum and 
subsequently velocity “v” in Equation 8.  
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(8A) 
Based on above discussions the value of tool deflection for variable cutting force is a 
direct function of feed rate obtained from Equations 8, 8(A) (A6) and (A7). Higher tool 
deflection results in lower surface quality, therefore, by increasing feed rate from the 
static standpoint the surface roughness increased. In Equation (8A) is force 
dependent coefficient.  
II. The effect of feed rate and regenerative (dynamic) forces in tool deflection 
If the cutting force is to be considered as a dynamic force with respect to cutter 
dimensions (the ratio of tool overhang to diameter) Timoshenko beam theory and 
equations should be used to analyse displacement motion of the cutter. In this 
experiment, we used a Kistler 9257B piezoelectric dynamometer with the ability to 
measure cutting force in three dimensions. The results showed that a considerable 
amount of force was captured in the X direction, therefore, the cutter is analysed as 
a Timoshenko beam with axial effect. Components of the displacement vector in the 
three coordinate directions are ux, uy and uz and calculated from Equation 9. 
zu x y z z x z        x y 0u (x,y,z, )= (z, );       u (x,y,z, )=0;      ( , , , )  u ( , ) ( , )  
(9) 
 
Where φ is the angle of rotation of the normal to the stationary spindle center and 
u0 is an additional displacement in the axial direction. The governing equations for 
Timoshenko beam are obtained from Equation 10: 
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Where ω is displacement of the mid-surface of the cutter in the z-direction, ρ is the 
density of the cutter, A is the cross section of the cutter, G is the shear modulus, I is 
the second moment of inertia, k is Timoshenko shear coefficient, Fr is radial cutting 
force, Fa is axial cutting force and θ is tool rotation angle that is measured from y-axis 
clockwise (CW). 
The tangential, radial and axial components of cutting force applied on the flute of a 
ball-nose cutter are calculated by using a set of curvilinear coordinate systems normal 
to the ball envelope. Equation 11 shows the relation between different force 
components [29, 31]:  
t c
r re rc
a ae ac
dF z
dF z
dF z
   
   
   
 
 
 
te t( , ) K ds K h( , , )db
( , ) K ds K h( , , )db
( , ) K ds K h( , , )db  
(11 A) 
(11 B) 
(11 C) 
Where Ψ as a helix lag angle in global coordinates between the tip of the cutter (z=0) 
and cutting edge point (z), ds is the length of an infinitesimal curved cutting edge 
segment, db is infinitesimal cutting flute in the direction along the cutting velocity Ktc, 
Krc, Kac are tangential radial and axial cutting force coefficient (force/area) and Kte, Kre, 
Kae are tangential, radial and axial edge force coefficient (force/length) (see Figure 9-
7). ds and db are calculated according to Equations 12 and 13. 
ds dr R R R i d     2 2 2 20 0( ) ( ) cot  
(12) 
dzR
db dz S Sin R R db
R
  

   1 00/ in       ( ( ) / )
( )  
(13) 
Where “i0” as a helix angle at ball shaped flute and shank meeting point measured 
from y-axis (CW). R(Ψ) is tool radius in x-y plane at a point defined by Ψ and its 
derivate are obtained from the following equations. 
R R   
2
0 01 ( Cot  i 1)  
(14) 
R i i
R
i



 
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' 0 0 0
2
0
( cot 1)cot
( )
1 ( cot 1)
 
 
(15) 
  h( , , ) is the unreformed chip thickness normal to the cutting edge and varies with 
the movement of cutter during machining and is obtained from Equation 16: 
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(16) 
Where Kz is the number of axial elements, R0 is ball radius, Rc and Rs radial distance 
between the stationary spindle centre and points on the cut surface and cutting edge 
respectively.  
 
Figure 9-7 Geometry of ball end mill (A-D) chip thickness regeneration (E) 
By combining Equations 10-16 the beam equation of motion with axial force effect is 
drawn: 
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In the Equation 14 the amount of the local radius should be positive (
  201 ( Cot  i 1) 0 ) so according to Equations A1-A5 the maximum value of finishing 
allowance using our ball-nose cutter must be 0.645mm and Table 9-2 shows that the 
highest finishing allowance based on the DOE is 0.24mm. Therefore, it is mentioned 
that the selected value of cutting condition is in standard range.   
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Based on Equation A3 if the range of helix lag angle is rad 0 1.15  increasing 
immersion angle leads to decreasing lag angle and denominator in Equation (17 A). 
Also by decreasing lag angle, the numerator and second term of the Equation (17A) 
increase.  
ds Cot Cot Cot d

  
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    
   
2 2
20 0
0 0 02
0
( Cot  i 1) Cot  i
(2  i  i )  i
1 ( Cot  i 1)
 
(17 A) 
As a result, the constant term in the fourth order equation of motion in RHS of 
Equation 17 becomes bigger and this phenomenon increases displacement of the 
cutter head and generation of higher vibrations. With regards to the high brittle 
nature of SLM for as-built parts and low elastic modulus of Ti, cutter marks were 
observed in samples with higher feed rate and surface quality reduces [29, 31]. 
In other words, by increasing feed rate both static deflection and dynamic 
displacement increase and consequently surface roughness increases. This is 
confirmed by ANN and Poisson regression models. According to Figures 9-8 and 9-10 
to 9-13 the best surfaces were obtained on the lower feed rate in agreement with 
the literature [13, 15, 32].  
 
Figure 9-8 Interaction of feed rate and tool path on average roughness (A, B) mean 
roughness depth (C, D) using ANN and Poisson statistical analyse 
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When using helical tool path the cutting edge is in position 1 (Figure 9-9 (A) and (D)) 
and machining in this cutting area has the highest efficiency because of sharp edges 
and the existence of radial rake angle. Also, at point 1 the lag angle has the highest 
value and immersion angle is very small so numerator and second term of Equation 
(17A) decrease and denominator in this equation increased. This leads to decreasing 
the value of radial cutting force and subsequently the constant term in Equation 17 
and finally the value of ω (dynamic displacement) decreases, hence vibrations and 
chattering effect become lower and surface quality improved.   
When cutter moves from the edge of the workpiece to the center, cutting edge is 
moved toward point 2 and in this point wedge angle becomes bigger and the value 
of radial rake angel decreases the same as using worn tool. In this point (Figure 9-9 
(B) and (D)) lag angle decreases and immersion angle becomes bigger and according 
to Equations 17 and 17 (A) cutting force, displacement, vibration and chattering 
effect increase and the result is decreasing surface quality. When cutter touches the 
lowest point of the workpiece cutting edge stays at point 3 on the tip of the cutter 
(Figure 9-9 (C) and (D)). In this position radial rake angle is zero and wedge angle 
increases and chips are cut by non-sharp edges. Also, lag angle is close to zero and 
immersion angle has the highest value so the dynamic of metal cutting process is 
similar to turning (single point/continues cutting) and based on Equations 17 and 17 
(A) increasing in cutting force is observed. By taking into account of the low elastic 
modulus for titanium and high spring back effect the values of vibration and surface 
roughness increase. Figure 9-8 (A-D) shows rougher surfaces were obtained when 
using helical tool path [29, 31, 33-35].  
Figure 9-9 also shows that using linear tool path results in better surface quality 
associated with the movement of cutting point on the cutter. 
 
Figure 9-9 Cutting edges and angles in different parts of the tool 
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 Interaction of feed rate and spindle speed 
Figure 9-10 shows that the surface roughness decreases by increasing spindle speed 
and this trend is proved by using both ANN and Poisson regression methods. In the 
machining of titanium thermal softening initiation occurs in the range of 3000-5000C. 
Also, titanium has high tendency to react with most of the cutting tools and this 
phenomenon leads to losing sharp edges and the cutting area is moved toward the 
second position (Figure 9-9 (B)). Therefore, cutting force, the chance of chip welding 
to the cutting edge and roughness increase. Cutting force (that is captured in our 
previous research) grows in the range of 2387-2700rpm which is associated with 
strain hardening. Above these values the effect of thermal softening is higher than 
strain hardening and this is highly related to the low thermal conductivity, small chip 
generation, nature of SLM process, low machinability of Ti and high cutting pressure 
of titanium alloys [32, 35-41].  
 
Figure 9-10 Interaction of feed rate and spindle speed on average roughness (A, B) mean 
roughness depth (C, D) using ANN and Poisson statistical analyse 
 Interaction of feed rate and scallop height 
In Equation 7, Fc is distributed force on cutting edges and increasing scallop height 
leads to increasing the area of applying force and higher force produces lower surface 
quality. In this experiment when using higher scallop height the value of all tangential, 
axial and radial components of cutting force increase. However, the variation of 
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cutting force for axial component is higher than other components. According to 
Equation 16,   h( , , )  is uncut chip thickness normal to cutting edge. Due to the 
existence of the curvatures in the workpiece in relation of dfa the uncut chip thickness 
is equal to width of the chip in radial force component, therefore, Equation 16 is 
changed to: 
axial axials
R
t
R
      
 
c z z
0
h( ) R (K ,t) R (K ,m,t)
 
(18) 
Where 
axialc
R and 
axials
R  are axial distance between the stationary spindle centre and 
points on the cut surfaces and cutting edge respectively. By increasing scallop height
axialc
R ,   h( , , )  and dfa grow. In this study we used Spinner U620 CNC machine center 
with high rigidity and bearing system so axial force leads to buckling effect and 
because of the reaction force from the bearing system the values of cutting forces 
and roughness increase. Figure 9-11 (A-D) shows approximately 33% and 20% 
increase in surface roughness for Ra and Rz respectively when increasing scallop 
height [13, 29].  
 
Figure 9-11 Interaction of feed rate and scallop height on average roughness (A, B) mean 
roughness depth (C, D) using ANN and Poisson statistical analyse 
 Interaction of feed rate and finishing allowance 
Figures 9-2 and 9-5 (D, E) show the finishing allowance has the lowest impact on the 
value of surface roughness compared to other parameters that were used in this 
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study. Figure 9-12 shows that increasing finishing allowance leads to generation of 
rougher surfaces while our previous research showed that increasing finishing 
allowance leads to 8-30% reduction in the value of cutting forces. This occurrence is 
associated with the alternation on the place of cutting edge. According to Figures, 9-
6 (B-D) and 9-9 (A-D) the location of cutting edge is moved from point 1 toward point 
2 due to increasing the value of finishing allowance. To that end, lag angle decreases 
and based on Equations 17 and 17(A) immersion angle and ds increase. Increasing 
radial depth of cut also results in increasing the value of   h( , , ) . 
 However, lower cutting forces were observed in our previous research. This is related 
to the nature of the workpiece and SLM process. When machining of titanium alloys 
smaller chips are produced so a tiny cutting edge is observed that increases the 
pressures and stresses on the cutter in cutting point which is reported to be four-fold 
more than steel [35]. Another reason for smaller chips in our test is related to high 
brittle nature of SLM process which is mainly associated with high cooling rate  [7, 
42]. Also, in the machining of titanium higher temperature up 11000 is reported and 
with respect to high affinity of this alloy to chemical reaction with most of the cutters 
at higher temperatures and tool wear are observed in the cutting edge especially for 
smaller finishing allowance. Titanium has low thermal conductivity so the major 
proportion of generated heat during machining is conducted in to the tool and high 
wear rate on cutter was observed. By increasing depth of cut bigger chips were 
observed while ‘ds’ and chip thickness   h( , , ) increased. As a result a reduction in 
cutting force was observed that can be related to generation of bigger cutting area 
and reduction of radial cutting force coefficients (Kre and Krc)  based on Equations 19-
21 and (A8) [29, 43].  
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(21) 
where Fx̅c, Fx̅e are average cutting and edge force, and θst, θex are start and exit angles 
of the cut. On the other hand, increasing radial depth of cut leads to generation of 
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larger surface crest height according to Equation 22. This tends to increase the value 
of the surface roughness for both average roughness and mean roughness depth.  
cc
R DD
h h R
R

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2 22 4
;             
8 2  
(22) 
where R is Cutting tool radius. Figure 9-12 (A-D) shows that increasing the value of 
surface roughness can be associated with the stronger effect of the explained 
phenomenon versus reduction in cutting forces. The slope of the boundary of contour 
colours is small and shows the variations in finishing allowance has small effect on 
increasing the surface roughness [44].  
 
Figure 9-12 Interaction of feed rate and finishing allowance on average roughness (A, B) 
mean roughness depth (C, D) using ANN and Poisson statistical analyse 
 Interaction of feed rate and heat treatment 
Figure 9-13 illustrates that by increasing heat treatment temperature both surface 
roughness parameters decreased, which is related to change the microstructure, 
strain, stress and hardness. For as-built samples due to high working temperature 
and cooling rate α' martensite and high tensile strength (1.35Gpa) with low 
elongation (3%) were observed in agreement with the literature [45, 46]. In stress 
relieving and mill annealing due to low cooling rate in furnace cooling primary alpha 
is retained and small portion of secondary alpha is grown so grain size increases 
slightly. When beta heat treatment has been carried out in α + β transition 
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temperature ranging (9000-10000C) the volume fraction for beta increases up to 
17.5% and in slow cooling process secondary alpha nucleates on beta boundaries. 
Also, in SLM of Ti-6Al-4V small values of oxygen and nitrogen has been reported and 
they are alpha stabilizer. As a consequence, a bigger grain size was observed by 
increasing annealing temperature [36, 47].  
 
Figure 9-13 Interaction of feed rate and annealing temperature on average roughness (A, B) 
mean roughness depth (C, D) using ANN and Poisson statistical analyse 
As-built samples have high stable lamellar microstructure and α'-phase so the 
strength is 30% higher than wrought samples. Mill annealing and stress relieving 
leads to slight increase in the value of grain size and decrease in tensile strength. In β 
annealing due to the mentioned mechanisms coarse α phase is formed and tensile 
strength decreases. Moreover, decomposition of α'-phase and nucleation of 
secondary α precipitates at martensite plate boundaries and enrichment with V as β 
stabilizer leads to reduction in strength [39]. Annealing in α phase does not affect the 
brittleness, but in β annealing because of the explained mechanisms ductility 
increased up to three-fold [22, 48-52]. Due to the mentioned phenomena regarding 
microstructure, tensile and elongation, the hardness of the as-built samples (which is 
about 25% higher than wrought parts) has a reduction trend by increasing heat 
treatment temperature. Our previous research [33] illustrated that the hardness 
decreases about 20% after β heat treatment in agreement with the literature [22, 51, 
53-55].  
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A result of producing bigger grains decreases tensile strength and hardness and 
increases ductility the amount of cutting forces according to Equations (A9), (A10) 
and 23 decrease and the machinability improved [56]. 
c tooth tooth
total
hard
WD f N
F
K

 
 
(23) 
where ftooth is feed per tooth, Ftotal is a vector sum of the force component, W is width 
of the chip, Ntooth is the number of tooth and Khard is the metal removal factor that is 
inversely related to the hardness of the workpiece. Decreasing the value of hardness 
in higher annealing temperature results in increasing the value of Khard so cutting 
force decreases and Fr (z, θ) in Equation 10(A) increases. This trend leads to 
generation of lower cutting force and vibration. Also, ductility increased by increasing 
annealing temperature and bigger chips were observed after machining, hence 
cutting pressure decreased. Finally, surface roughness decreased and better surface 
was obtained which is shown in Figure 9-13 (A-D) with approximately 40% reduction 
in the average roughness and mean roughness depth after β annealing in both ANN 
and Poisson analysis.  
 Conclusion 
In this work spherical components were designed and printed by SLM machine. In 
order to modify surface quality post-processing by annealing and machining have 
been carried out. Two surface parameters, containing average roughness and mean 
roughness depth were measured by optical profilometer and surface parameters in 
four cross validations were modeled by Taguchi, Poisson and ANNs methods.  
Results proved that the ANN model has high ability on the modeling of surface 
roughness parameters in 5-axis milling followed by Poisson and Taguchi methods. 
Interaction of inputs on output showed that the ranking of the effective parameters 
from the most to least was: feed rate>tool path> spindle speed> annealing 
temperature> scallop height > finishing allowance. The interaction analysis of ANN 
and Poisson methods showed that increasing feed rate on both dynamic and static 
forces leads to generation of rougher surface parameters. Also, circular tool path 
produced rougher surfaces that were related to the movement of cutting area, 
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alternation on regenerative forces and increasing the vibration and cutter run-out. 
Due to low thermal conductivity of titanium and thermal softening effect by 
increasing spindle speed surface roughness improved. Surface roughness is a function 
of scallop height and finishing allowance due to increasing cutting force, edge force 
coefficient and cutting force coefficients. Increasing annealing temperature leads to 
generation of better surface quality because of changing in microstructure, 
enhancing ductility and decreasing the hardness.  
Future work will consider a phenomenological study on optimization of process and 
post-process parameters in order to discover better machinability, mechanical 
properties and surface quality.  
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Chapter 10. Conclusion and future directions 
 Conclusion 
Due to medical healthcare improvement and increasing human lifetime the demand 
for production of implants has extensively increased in recent years. Fabrication of 
human joints notably those that are under high loads such as knee and hip is always 
challenging and needs more attention regarding the quality and durability.     
SLM has high compatibility with 3D CAD drawing, production of near net shape, 
flexibility in shape, ability to design in porosity, good hardness properties, 
geometrical complexity and customizability to individual patient data. These 
specifications characterize it as one of the promising processes in production of 
prosthetic organs such as acetabular shells. 
In this research different biomaterials, machinability properties, surface 
characteristics, cutting tools, cutting fluids and machining conditions for biomaterials 
with machinability were reviewed. The application of titanium in biomedical 
application containing properties and fabrication methods were also discussed. 
Based on the gap that was found in the literature prosthetic acetabular shell was 
designed and printed by using SLM process then different aspects in process and 
post-process have been discussed to improve the quality of the produced samples. 
Based on the research questions and investigations these conclusions were drawn. 
 What are the current limitations and how to optimize the design in 
the production of SLM spherical components? 
In SLM of Ti-6Al-4V large thermal gradients and high cooling rates affect mechanical 
properties and microstructure. The mentioned phenomenon and geometry of the 
intended sample lead to formation of some problems such as unstable surfaces, 
cracks, built up edges and surface quality.  
The interaction of weight and DS forces between particles in solid-melt phase results 
in dropping effect and it is necessary to use supports for surfaces with lower than 450 
(between building surface and horizontal plane). Supports due to their net-like 
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structure reduce the scanning speed and considerable amount of powder are 
imprisoned in them which is wasted after production process.  
The interaction of solidification force versus substrate resistance leads to generation 
of hot cracks. Other possible phenomena are, impurities, the transition from a planar 
to cellular or dendritic solidification and subsequently decreasing grain sizes, the 
shape and geometry of produced cup, the rapid increase of thermal expansion 
coefficient and increasing equilibrium temperature and thermal stresses. If the 
chamber is not clean then cold cracks appear which are mostly related to presence 
of hydrogen.  
Increasing mass in outer surfaces causes flow of thermal stresses and appearance of 
built-up edges when the machine is turned off (this is related to interruption of the 
process or increasing the equipment temperature due to printing large and massive 
samples). Built-up lines can be removed by post-processing such as machining.  
Low surface quality especially in curved surfaces of printed cup is another limitation 
in this fabrication process. This phenomenon is associated with micro motion of 
particles in inner and outer surfaces (because of the gravity force), difference 
between diameter of effective laser beam and overall laser beam diameter or overlap 
between hatching and counter region and blowing of inert gas. 
To remove supports during CAM it is recommended that surfaces are designed with 
higher than 450. To control the cracks in the primary design, surfaces should be 
thinner and optimization in process parameters is suggested.  
 What are the main influential factors in solidification of a spherical 
component fabricated by SLM? 
Solidification has complex behaviours in printing of intricate parts, therefore 
analysing the solidification process in SLM helps to characterize the alternation of 
mechanical properties such as strength, strain, hardness, porosity and relative 
density of printed prototypes.   
Results of this part of the research showed that process parameters such as layer 
thickness, hatch spacing, laser power, scan strategy and speed will change melt pool, 
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surface roughness, porosity and cracks on the surfaces of the parts. The significant 
factors to explain intricate solidification behaviour are, trapping gas under the 
powder, unstable melting pool due to scanning speed, high cooling, splashing of 
melted powders on melting pool and contamination of raw powder. 
 Does tool deflection have significant effect on dimensional 
deviations during milling process of the acetabular shell using a ball-
nose cutter? 
Depending on the machining process (finishing, semi finishing or roughing) the value 
of cutting force on the tool varies and leads to deflection up to 100 μm when using 
ball nose cutter. In analytical relation for calculating tool deflection second moment 
of inertia plays a significant role on account of changing the cross section of the cutter 
along the tool axis. Therefore, we proposed a new estimation of second moment of 
inertia and tool deflection in the milling of acetabular shell using ball nose cutting 
tool. Our new model was coupled and launched in two conventional methods to 
calculate tool deflection as well as the new tool deflection model that is developed 
in this research. Coupling of THSM and CSM by determining distributed force during 
machining were fed into obtaining high accuracy for tool deflection. The results 
showed that the value of tool deflection when using finishing is less than medical 
tolerances therefore in calculation of dimensional deviations we can generally ignore 
the value of tool deflection.  
 How does heat treatment enhance mechanical properties and 
microstructure of prosthetic acetabular shell produced by SLM? 
Due to high thermal gradients and cooling rate in SLM the hardness and tensile 
strength of as-built samples is about 20-25% higher than conventionally wrought 
samples. Also, the breaking elongation of SLM parts is about one third of wrought 
samples with smaller grains (one fifth of wrought parts) which results in engraving 
effect, higher spring back, vibration and lower machinability. To improve the 
mechanical properties and microstructure of as-built parts based on F 2924-14 ASTM 
standard, different annealing have been carried out on the samples. The outcomes 
proved that for SLM samples, higher annealing temperature causes reduction in 
strength while ductility increased especially after α+β and β annealing, that is 
adequate to satisfy medical standards. The hardness for both SLM and wrought parts 
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decreased in higher annealing temperature. The results of the present chapter clearly 
proved that the mechanical properties of SLM (as-built) samples can be modified 
through appropriate heat treatments.   
 What is the correlation of cutting force versus machining condition, 
tool path and heat treatment in machining of the spherical 
component produced by SLM? 
Characterizing the effect of cutting parameters comprise, tool path, feed rate, spindle 
speed, scallop height, finishing allowance and heat treatment/annealing 
temperature showed the most influential parameter on the fluctuation of cutting 
force is scallop height. The next significant factors were spindle speed, finishing 
allowance, tool path, heat treatment temperature and feed rate. To obtain better 
surface quality linear tool paths should be used. The cutting force is a direct function 
of feed rate and spindle speed. Higher finishing allowance generates lower pressure 
on heat affected zone and produces lower cutting forces. Increasing annealing 
temperature reduces the value of hardness (which is mentioned in chapter 7) and 
subsequently decreases the value of cutting forces. The results of this phase of the 
study also proved that ANN has high capability to model various parameters in multi-
axis machining.  
 How do cutting parameters, tool path and heat treatment affect 
surface quality in machining of prosthetic acetabular shell produced 
by SLM? 
A comprehensive study on surface visualization of prosthetic acetabular showed ANN 
model is more accurate than Poisson and Taguchi methods. The ranking of influential 
parameters on surface roughness from the most to the least was obtained: feed rate 
> tool path > spindle speed > annealing temperature > scallop height > finishing 
allowance. Rougher surface was produced in higher feed rate and helical tool path 
which is mainly associated with the movement of cutting area, alternation on 
regenerative forces, increasing the vibration and cutter run-out. Titanium has low 
thermal conductivity and thermal softening happens in the machining of Ti-Based 
alloys which reduce the value of cutting force and improve the surface quality in 
finishing. In rough machining thermal softening leads to a decrease in the quality of 
the machined surfaces. In higher scallop height and finishing allowance surface 
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roughness drops due to increasing cutting edge force coefficients and cutting force 
coefficients. Enhancing ductility and reduction in hardness leads to better 
machinability in this process through application of β and α+β annealing. 
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 Plan for future work 
Future work will be dedicated to enlarge the analysis for considering the optimization 
on process and post-processing as well as investigation on medical aspects of 
producing prosthetic acetabular hip by SLM. The detail of future research directions 
is listed below.  
The effect of porosity on machinability, mechanical properties and medical features 
of acetabular shell produced by additive manufacturing.   
Determining the residual stress in printing process and decreasing it by different heat 
treatments. 
Developing a predictive model for residual stress based on process parameters.  
Further analysis on ternary phase material or determining the intermetallic phases in 
SLM of Ti-6Al-4V and expansion of Cahn-Hilliard theory for the inhomogeneous 
model. 
Developing a numerical model to predict the tool deflection and compare it with 
existing analytical models.  
Investigation on the effect of different scanning patterns on mechanical properties 
and microstructural evolution of printed samples and comparison with heat 
treatment samples. 
Phenomenological study on optimization of process and post-process parameters in 
order to discover better machinability, mechanical properties and surface quality.  
The correlation of cutting parameters on near surface deformation layers and work 
hardening in machining of SLM parts.  
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Appendix A 
This appendix is related to chapter 9. 
In Equation 14 the value of radical should be zero or positive: 
     20 01 ( Cot  i 1) 0 2 Cot  i  (A1) 
In this experiment helix angle was 300 therefore the maximum value of Ψ becomes: 
rad   01.15       66.11  (A2) 
 
According to Figure 9-7 (C-E) T2T3 is obtained by using Sin laws: 
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Rsm is the maximum radial depth of cut/finishing allowance that is calculated from 
the following equations: 
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Tool deflection for static cutting forces for two tests with different feed rates: 
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where is force dependent coefficient. 
Pef, Qef, Sef and Tef are the constants in edge and force coefficient equations: 
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The relation of machining power and cutting forces with respect to Ss as a spindle 
speed can be calculated according to the following equation. 
c s tooth tooht
pc
hard
WD S f N
h
K

 
 
(A9) 
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Appendix B Investigation on the Effect of Cutting Fluid 
Pressure on Surface Quality  measurement in High Speed 
Thread Milling of Brass Alloy (C3600) and Aluminium 
Alloy (5083) 
This chapter has been published in the form it is presented here.  
AmirMahyar Khorasani, Ian Gibson, Moshe Goldberg, Egan H. Doeven, Guy Littlefair 
“Investigation on the effect of cutting fluid pressure on surface quality measurement 
in high-speed thread milling of brass alloy (C3600) and aluminium alloy (5083)” 
Measurement, 82, 55-63, 2016. (Impact Factor: 1.45, Scopus Rank: Q1). (This paper 
was positioned in the appendix). 
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Abstract 
The quality of a machined finish plays a major role in the performance of milling 
operations, good surface quality can significantly improve fatigue strength, corrosion 
resistance, or creep behaviour as well as surface friction. In this study, the effect of 
cutting parameters and cutting fluid pressure on the quality measurement of the 
surface of the crest for threads milled during high speed milling operations has been 
scrutinized. Cutting fluid pressure, feed rate and spindle speed were the input 
parameters whilst minimising surface roughness on the crest of the thread was the 
target. The experimental study was designed using the Taguchi L32 array. Analysing 
and modelling the effective parameters were carried out using both a multi-layer 
perceptron (MLP) and radial basis function (RBF) artificial neural networks (ANNs). 
These were shown to be highly adept for such tasks. In this paper, the analysis of 
surface roughness at the crest of the thread in high speed thread milling using a high 
accuracy optical profile-meter is an original contribution to the literature. The 
experimental results demonstrated that the surface quality in the crest of the thread 
was improved by increasing cutting speed, feed rate ranging 0.41-0.45 m/min and 
cutting fluid pressure ranging 2-3.5 bars. These outcomes characterized the ANN as 
a promising application for surface profile modelling in precision machining.  
Keywords  
Artificial neural networks, High speed machining, Modelling operation, Thread milling  
1 Introduction 
High speed machining (HSM) is one of the most promising material removal 
processes and has been receiving growing attention in recent years. HSM is a popular 
manufacturing technique, due to its faster speed and reduced cost, as well as the 
ability to achieve very high quality surface finishes [1]. HSM operations can change 
the chemical composition and mechanical properties of materials being machined, 
causing complex wear mechanisms which have attracted the attention of a number 
of researchers. 
Although different aspects of HSM such as chatter, force, vibration, tool damage, tool 
wear and microstructural damage [2-6] have been explored for improving the 
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machinability of materials, surface roughness as a function of operation quality is 
currently receiving considerable attention [7-10]. 
HSM on Cr12MoV steel using a two edged cemented carbide ball end milling cutter 
demonstrated that edge and machining contact length increased as a function of 
increasing helix angle. Hence, smaller helix angles and negative rake angles improved 
the quality of the surface manufactured as well as longer tool life [11]. HSM studies 
on Ti−10V−2Fe−3Al illustrated that optimization of cutting parameters lead to a 
minimum surface roughness of (Ra<0.8µm) and fatigue cracks concentrating at the 
intersecting edges of machined surfaces. The study also showed that the strongest 
factors affecting surface roughness were feed per tooth, cutting width, and cutting 
speed respectively.  This is important since  the development of fatigue cracks are 
highly dependent on the quality of the measured surface [12]. HSM investigations on 
the surface roughness of Ti-6Al-4V using polycrystalline diamond (PCD) tools verified 
that, at high temperatures, adhesion between the workpiece and tool caused tool 
wear which lead to increased surface roughness. Increasing cutting speed and 
decreasing feed rate produced a high quality surface, cutting force and decreased 
tool wear [13]. Honghua et al. [14] studied roughness, defects, micro-hardness and 
microstructure of the machined surface using PCD and polycrystalline cubic boron 
nitride (PCBN) tools when HSM of Ti-6.5Al-2Zr-1Mo-1V (TA15) alloy. Results of this 
study show that PCD tools have a greater longevity compared to PCBN, with a higher 
quality surface (Ra<0.3µm) and changes in microhardness is observed. 
Aluminium is one of the so called “light metals” that is widely used in aerospace, 
automotive, electronics and biomedical applications. A number of HSM studies of this 
alloy, such as analysing force and cutting conditions, have been reported in the 
literature [15, 16]. Analysis of HSM on metal matrix composites, such as particle 
reinforced aluminium [17], indicates that cutting speed and feed rate had the highest 
influence on the surface quality of this process and tool flank-wear was generated. 
Optical imaging of the surface illustrated material build up at edges, highly 
influencing tool wear and surface roughness. The effect of spindle speed, feed-rate 
and machining time on the surface roughness of aluminium Alloy 1100 shows the 
feed-rate and machining time contribute significantly to the production of surface 
roughness. A lower feed-rate produced a superior surface finish, but it also produced 
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a continuous chip and would be inefficient in terms of the time taken for the 
operation. Continuous chips can enwrap/twist/weld around the tool decreasing chip 
clearance and preventing cutting edges, cooling, and subsequently causing material 
build up at the cutting edge of the tool or workpiece leading to surface defects [18]. 
Brass and its alloys are widely employed in commercialised systems because of their 
mixture of properties such as non-magnetic nature, high corrosion resistance, and 
good machinability. To increase the machinability of brass, adding lead and silicon is 
suggested. In machining of brass, as with other metals, high cutting speed and low 
feed rate improves surface roughness and chip breakage [19-22].  
External thread milling and whirlwind operations involve complicated machining 
approaches due to their elaborate tool geometry, effects of this tridimensional tool 
trajectory have not yet been fully understood [23-25]. Different aspects of thread 
milling such as cutting force, cutting parameters, various cutting lubrications, cutting 
tool angle, wear and interference have been discussed by researchers using 
mathematical and numerical models [26-28]. However, there is still a lack of 
knowledge on the surface quality of threads due to difficulties in the measurement 
of these surfaces. Knowledge-based systems are highly useful for modelling, 
simulation, prediction and optimization of industrial processes [29]. In HSM notably, 
milling and turning, the application of artificial intelligence for surface roughness 
modelling are common and have been the subject for some investigations [30-37].  
A number of studies on the surface quality, cutting condition, cutting force, 
lubrication and tools in HSM of Al and brass alloys are found in the literature. 
However, thus far, there are very few reports detailing the effect of cutting 
parameters on the quality of the surface of the threads. In this paper the effect of 
cutting fluid pressure on the predicted surface roughness of HSM thread operations 
for brass C3600 and Al 5083 have been outlined. In order to perform the necessary 
experiments a Taguchi L32 design of experiment (DOE) together with MLP and RBF 
ANNs have been used.  
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2 Applications that are used in this research 
2.1 Taguchi Approach 
The Taguchi approach requires less experimental operations to obtain accurate 
results compared with other approaches Furthermore, processing of these outcomes 
can be carried out to improve the accuracy.  
Cutting conditions were adapted from those recommended by the machine tool 
manufacturer (Datron). In this experiment, the Taguchi L32 orthogonal array DOE is 
used to decrease the number of experiments required. Based on this DOE two factors 
(cutting fluid pressure and cutting speed) were chosen in 4 levels and feed rate is set 
in 2 levels. Table A-1 illustrates the values and levels of the parameters.   
Table A-1 Cutting condition levels 
Cutting fluid 
pressure (Bar) 
Cutting speed 
×1000(RPM) 
Feed rate XYZ 
(m/min) 
0.5 30 0.25 
1.5 36 0.50 
2.5 42  
3.5 48  
 
2.2 Orthogonal Arrays 
An orthogonal array allows the analysis of factors that influence in a mathematically 
independent fashion. In this array, the analysis of factors in any column is 
independent of the factors in the other columns. In other words, balanced array or 
multi levels array are orthogonal to one another if they are balanced in terms of the 
number of replications in each column.  
2.3 Artificial Neural Networks ANNs 
ANNs are statistical learning algorithms that are crudely based on our understanding 
of the biological neurons of living creatures as a model (in particular those found in 
the brain) and can estimate functions with large numbers of inputs and outputs. 
ANNs use neurons that are elementary units. These act as a simple processor for 
inputs and outputs. The intensity of each input is given an individual weighting.  For 
ANN modelling, two stages have been carried out: training and testing. In the training 
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process the weighting factors are calculated and the network is set while during the 
testing process the accuracy of the ANNs is determined. 
In ANNs, when the output of the network is a linear combination of radial basis 
functions of the inputs radial basis function can be used as a transfer function. These 
networks have three layers consisting of the input, hidden and output layers, where 
the output is the scalar function of the input vector. This trained network with 
appropriate hidden layers can predict continuous functions with high accuracy.    
When outputs are not a linearly separable combination of inputs MLP are a fast and 
accurate application for function approximation. These networks use supervised 
learning methods called “backpropagation” for network training. 
3 Experimental Operation 
3.1 Selection of Process Parameters 
In HSM the modality of operation, cutting conditions and the geometry of cutting 
tools allow operators to choose suitable cutting conditions. In thread milling, 
effective parameters that measure the quality of produced materials are tool 
material and geometry, cutting speed, feed rate, cutting fluid and workpiece 
material. The outlined factors are highly dependent on the machine tool and the 
nature of the operation.      
3.2 Workpiece material cutting tools and machine tool specifications 
In this study HSM thread milling operations were investigated in brass C3600 
(commonly used in automotive, plumbing and building industries) and Al 5083 
(excellent corrosion resistance, commonly used in ship building, unfired pressure 
vessels and structural applications). Table A-2 illustrates the chemical composition of 
Brass C3600 and Al 5083 respectively.  
Table A-2 Brass C3600 and Al 5083 chemical component 
Alloy Pb Si Fe Cu Mn Mg Cr Zn Ti Al 
Al 5083 - 0.40 0.40 0.10 0.40-1.0 4.0-4.9 0.05-0.25 0.25 0.15 93-95 
Brass C3600 2.5-3.7 - 0.35 60-63 - - - 35.4 - - 
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In the research presented in this paper a Datron M7HP machining centre with high 
speed spindle; a Datron 0068932E single flute bore end mill with diameter of 2 mm; 
and Datron 0068420 thread mill (cutting head diameter 2 mm) and tool shank of 3mm 
were used. Tool overhang was 61.165 and 58.942 mm respectively (spindle to tip 
including collet). Ethanol coolant was supplied via a Micro-Jet spray system. Table A-
3 shows maximum cutting parameters for thread cutter recommended from Datron 
Company.  
Table A-3 The Highest range of cutting condition for thread cutter  
Feed rate 
XY (m/min) 
Feed rate 
Z (m/min) 
Feed rate XYZ 
(m/min) 
Cutting speed 
×1000(RPM) 
1.50 0.60 1.0 48 
 
3.3 HSM Operation 
Before conducting milling tests, the blocks were face milled to remove any surface 
defects. Before using each new tool, a machining pass with light depth of cut was 
performed to prevent the effects of new sharp edges that have negative effect on 
surface roughness on a small scale. 
Tool overhang check was performed by machine controller to avoid vibration during 
process and to check the right position of cutting tool.  
In the first step, bore milling tool and cutting condition are used to make a complete 
hole with diameter 2.5mm (Figure A-1 left and Table A-4) based on Datron’s 
recommendation to achieve the best surface quality. In the next step, the thread 
milling tool was used to cut an M3 thread in the holes at spindle speeds up to 48,000 
RPM and 0.5 m/min feed rate in the XYZ directions (Figure A-1 right). Ethanol cutting 
fluid and compressed air were sprayed on the surface of the workpiece with 
maximum pressure of 3.5bar.  
Table A-4 Bore milling cutting conditions 
Feed rate 
XY (m/min) 
Feed rate 
Z (m/min) 
Feed rate XYZ 
(m/min) 
Cutting speed 
×1000(RPM) 
0.75 0.30 0.50 40 
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Figure A-1 Bore milling operation (Left) thread milling operation (Right) 
In the next stage in order to measure thread surface quality, workpieces were 
sectioned using a Makino CNC wire cut machine. Figure A-1 illustrates the 
experimental set up.  
3.4 Surface quality measurement system 
Surface roughness was measured by using an Alicona profile-meter (model: Infinite 
Focus) measures the surface profile based on reflectance measurements. This 
instrument can measure surface profiles on a nano-scale with maximum 100X zoom 
and has ability to scan a large surface area. To increase the accuracy of the 
measurement, values of Ra were measured four times on each machined surface. In 
this measurement due to small area on the crest of the thread, 100X zoom was used 
and this area is observed with the same size as Figure A-2. The profilometer can 
therefore easily measure the reflected lights and determine the roughness. 
The smoothest and roughest surfaces for brass samples obtained were 85.51 nm and 
146.84 nm respectively. Also, for Al samples the corresponding measurements were 
93.25 nm and 159.50 nm respectively. Figure A-2 illustrates the surface roughness for 
a brass sample. 
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Figure A-2 The most smooth surface 
4 MLP and RBF Neural Networks Modelling  
To determine the capability of the respective ANN models, cutting fluid pressure, 
spindle speed and feed rate were chosen as inputs and roughness on the crest of 
thread was used as a target. In MLP the best structure for designing the network was 
obtained 3×2×1, a hyperbolic secant was chosen as the transfer function. Figure A-3 
illustrates the correlation of the network output and targets for both training and test 
processes. The correlation of output and targets for train and test were obtained 
88.2% and 81.6% respectively, indicating the MLP network has good potential in 
modelling of the surface quality on the crest of the thread in thread HSM. 
Figure A-4 shows the correlation of training and testing sets for RBF network using 
the Newrb function. It can be seen in Figure A-4 that the training process has a 100% 
accuracy but in testing the best results obtained were 35.77%, indicating that this 
network has a lower correlation than the MLP to determine the effect of cutting fluid 
pressure on prediction of surface roughness on the crest of the thread. The reason 
for the differences can be attributed to the nature of output in this machining 
operation that is not a linear combination of radial basis function of the inputs.  
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Figure A-3 Correlation of targets and network outputs for train (Left) and test (Right) using 
MLP ANN 
 
Figure A-4 Correlation of targets and network outputs for train (Left) and test (Right) using 
RBF ANN 
Analysing the interaction of parameters using MLP was carried out to predict the 
effect of cutting fluid pressure on surface roughness of the crest for thread. 
Figure A-5 and A-6 illustrate the correlation of experimental measurements of 
surface roughness and ANN predictions. In these Figures F represents feed rate, S is 
spindle/cutting speed and P is cutting fluid pressure.  
Figure A-5 (A) and (B) illustrates the correlation of feed rate and cutting speed in 
modelling of the surface on HSM of brass. The correlation for testing and training 
were down to 60.6% and 60.5% compared to modelling by using all three parameters 
(feed rate, cutting speed and cutting fluid pressure). Figure A-5 (C) and (D) illustrates 
the correlation of cutting speed and pressure on modelling of the surface for training 
and testing are 51.9% and 7% respectively also the correlation of feed rate and 
cutting fluid pressure in training is 64.1% and in testing is 6.6% (Figure A-5 (E) and 
(F)). Therefore, Figure A-5 proves that using feed rate and cutting speed has low 
accuracy and ability to predict the value of surface roughness in HSM of threads for 
brass. 
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Figure A-5 Correlation of ANN output and experimental results for Brass 
Figure A-6 illustrates the correlation of cutting parameters on surface roughness on 
the crest of the thread for Al. The accuracy for prediction of surface roughness using 
feed rate and cutting speed for training and testing is 58.3% and 23% respectively 
(Figure A-6 (A) and (B)) and using cutting speed and cutting fluid pressure has 46.7% 
and 20% accuracy for train and test (Figure A-6 (C) and (D)). This correlation for the 
combination of feed rate and cutting fluid pressure is obtained 62.2% and 46.4% for 
training and testing operations (Figure A-6 (E) and (F)). In conclusion, from Figures (A-
3) to (A-6) it appears that using three parameters (feed rate, cutting speed and 
cutting fluid pressure) increases the accuracy in the prediction of surface on the crest 
of the thread in the nano scale up to 81.60% for test procedure in MLP networks 
containing both brass and Al data. Modelling of nano-surface roughness in HSM 
thread milling operation using cutting speed and feed rate for Al and brass has low 
accuracy and correlation (Figures A-5 and A-6) that proves the role of cutting fluid 
pressure has positive effect on modelling and measurement of the surface quality.  
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Figure A-6 Correlation of ANN output and experimental results for Al 
Table A-5 shows the statistical significance for analysing the combination of 
parameters on the prediction of surface quality measurement. Standard deviation 
and maximum error values for network containing cutting fluid pressure were the 
lowest, proving the influence of this factor on modelling of the surface in HSM thread 
milling operation.  
Table A-5 Analysing the combination of parameters on surface prediction 
Cutting 
Factors 
Materials 
Std Dev 
Train 
Max 
Error 
Train 
Correlation 
Train 
Std Dev 
Test 
Max 
Error 
Test 
Correlation 
Test 
F, S, P 
Al and 
Brass 
7.46 18.32 88.20% 11.27 17.00 81.60% 
F, S Brass 10.98 23.89 60.60% 13.03 19.88 60.50% 
S, P Brass 11.79 28.24 51.90% 14.99 25.40 7.00% 
F, P Brass 10.58 24.54 64.10% 17.79 26.71 6.60% 
F, S Al 11.54 31.64 58.30% 22.08 36.97 23.00% 
S, P Al 12.56 33.26 46.70% 19.89 33.00 20.00% 
F, P Al 12.13 28.75 62.20% 11.27 21.99 46.40% 
Figure A-7 illustrates the interaction of feed rate and cutting speed for the trained 
network. The red area shows the roughest surface and it seems decreasing cutting 
speed and increasing feed rate lead to increase red spots that shows decrease surface 
quality. Figure A-8 shows the interaction of cutting fluid pressure and feed rate and 
proves that increasing feed rate and decreasing cutting fluid pressure lead to 
increasing surface roughness (widening of the red area). Furthermore, the interaction 
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of cutting speed and cutting fluid pressure shows that surface roughness increase as 
a function of decreasing cutting speed and fluid pressure in HSM thread milling 
operation (Figure 9).   
 
Figure A-7 Interaction of cutting speed and feed rate  
 
Figure A-8 Interaction of cutting fluid pressure and feed rate 
 
Figure A-9 Interaction of cutting speed and cutting fluid pressure 
 
 
 
 
 
329 
 
5 Conclusions 
In this paper the effects of cutting fluid pressure at the surface roughness, from HSM 
thread milling of brass C3600 and Al 5083 by using ANNs has been explored. Two 
different ANNs containing MLP and RBF were investigated and their ability to model 
the mentioned operation compared. The results allowed characterizing MLP ANNs as 
a high accuracy application for modelling and predicting the nano-surface roughness 
on the crest of the thread.  
Results are summarized as below: 
MLP neural networks have higher accuracy in modelling of the surface in HSM thread 
milling than RBF networks in this study.  
Using cutting fluid pressure as an input for prediction of surface quality in thread HSM 
increased the accuracy to 81.60% indicating this parameter important in achieving 
better surface quality in this operation. 
Superior surface quality is observed in feed rate ranging 0.41-0.45 m/min and higher 
cutting speed. In other words, decreasing feed rate and increasing cutting speed 
improve surface quality in thread HSM as proved by similar experiments (with 
different cutting dynamics) that was found in the literature [12, 13, 17, 19-21]. 
Interaction of cutting fluid pressure and feed rate shows that the best surface quality 
in this operation is obtained in cutting fluid pressure ranging 2.5-3.5 bars and feed 
rate of 0.41-0.45 m/min.  
Determining the interaction of cutting fluid pressure and cutting speed proves that 
surface roughness improved as a function of increasing cutting speed and the range 
of 2-3.5 bars cutting fluid pressure.   
Performing the proposed modelling leads to a reduction in scrapped workpieces and 
tool wear, therefore, it is cost effective and practicable in industrial systems.  
Further investigation and refinement of this research in terms of different workpiece 
materials and cutting fluids will be useful to improve productivity of commercialized 
systems. The effect of the stress relieving process on HSM machining of different 
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materials, especially hard to machine materials such as titanium can be another area 
for future research. 
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